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SYNOPSIS 
SYNOPSIS 
This investigation looks into the induced surface pressure field and flow field of a 2-D 
flat plate aerofoil with simulated battle damage. Enhancing survivability is a major 
design criteria for military aircraft designers, and the aerodynamic effects of battle 
damage has recently come to the fore as an area that warrants further attention. The 
current investigation is in effect a continuation of the battle damage research initiated at 
Loughborough University by Irwin, with the ultimate aim of enabling quick and accurate 
CFD studies to assess the aerodynamic impact of battle damage on a lifting surface. 
Irwin looked at the changes induced by battle damage on the aerodynamic force and 
moment coefficients. Apart from Irwin' s study publications directly relating to battle 
damage effects are scarce, with most having being carried out in the period from the 
1950' s through to the early 1970' s, with most of them tending to be very simplistic in 
terms of the analysis of results. There are no publications currently available that 
provides a quantitative survey of the flow field induced by a damaged lifting surface; a 
pre-requisite for the verification of future CFD codes. The current research is intended to 
fill this gap, and also to enable a better understanding of the flow mechanisms and 
compare and contrast the induced flow field with that of a jet issuing from a flap plate 
into a crossflow, which produces a similar flow field. 
Results showed that whilst the induced flow field of the battle damage flat plate aerofoil 
is similar in many respects to that of a jet in crossflow, there are also several noticeable 
differences. The strength of the through-flow jet was linked to the pressure differential 
and was greater at higher angles of attack, penetrating further into the freestream. At the 
highest incidence tested, the induced flow field was seen to be in transition from that of a 
"weak-jet" flow field to a "strong-jet", although it was not a fully developed "strong-jet". 
Unlike JICF, the jet exited only through the rear portion of the damage hole. Other major 
discrepancies from JICF were, the lack of the horse-shoe vortex wrapped around the jet 
SYNOPSIS 
and the absence of the contra-rotating bound vortex system attached to the underside of 
the jet. It was also found that unlike in JICF, the jet-to-freestream velocity ratio is not an 
appropriate criterion for defining the flow field characteristics induced by a battle 
damaged lifting surface. A better indicator here is the jet-to-freestream mass flow rate 
ratio. 
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NOMENCLATURE 
NOMENCLATURE 
a Angle of attack or incidence of aerofoil (in degrees) 
le J Upper surface pressure coefficient of the damaged model 
PUpp<rSurfaa DlllrUlged 
le J Upper surface pressure coefficient of the undamaged model 
f'uPPUSUt/IlC' Undamaged 
M 
MW,a=12 
c 
eD 
d 
Mass flow rate ratio 
Mass flow rate ratio based on the vertical (normal to surface) 
component of jet velocity. 
Mass flow rate ratio based on the vertical (normal to surface) 
component of jet velocity at an incidence of 12 degrees. 
Density of jet 
Density of freestream 
Area of jet 
Aerofoil chord 
Drag coefficient 
Lift coefficient 
Pitching moment coefficient 
Pressure coefficient 
Diameter of damage hole 
III 
d[Cpj 
J 
L 
R 
u 
u~ 
v 
w 
x 
y 
z 
NOMENCLATURE 
Pressure differential between the upper and lower surface 
Momentum flux ratio 
Length (depth) of damage hole 
Jet-to-freestream velocity ratio 
Streamwise velocity component, parallel to the model surface 
Freestream velocity 
True (total) velocity 
Spanwise velocity component, parallel to the model surface 
Jet velocity 
Velocity component normal to the model surface 
Distance along the chord of the model, measured from the leading 
edge 
Distance along the span of the model, measured from the centreline 
of the model 
Distance normal from the upper surface of the model 
Change in pressure coefficient induced by the damage 
IV 
I. INTRODUCTION 
1. INTRODUCTION 
1.1 Motivation for Current Research 
Aircraft Combat Survivability is an important consideration for modern military aircraft 
designers. Given the wide variety of missions that military aircraft are expected to 
operate in, it is inevitable that they will experience a hostile environment at some point in 
their lifetime, and an aircraft operating in such an environment is highly likely to suffer 
some form of battle damage. Consequently survivability is becoming increasingly 
prominent as a key design requirement of modem aircraft. Survivability is basically the 
ability of an aircraft to withstand battle damage without suffering any type of catastrophic 
failure. History has proved that aircraft designed without due consideration to 
survivability requirements will be unable to accomplish the missions that they were 
designed for. History has also shown that aircraft are able to absorb significant amounts 
of structural damage and still continue to fly. Thus, lessons learnt from the past coupled 
with the massive costs associated with modem aircraft have generated a keen interest in 
survivability analysis. The current research programme is concerned with one aspect of 
survivability - the aerodynamic effects battle damage on lifting surfaces and. its impact 
on the overall survivability of the aircraft. 
1.2 The Fundamentals of Aircraft Combat Survivability 
1.2.1 Key Definitions and Concepts 
Aircraft combat survivability.(ACS) has been defined by Robert E. Ball I as "the 
capability of an aircraft to avoid and/or withstand a man-made hostile environment". 
The inability of an aircraft to avoid the radars, guns, ballistic projectiles, guided missiles, 
exploding warheads and other such elements that make up a hostile environment is . 
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measured by the probability that the aircraft is hit by one of the damage causIng 
mechanisms mentioned above. This is referred to as the susceptibility of the aircraft. 
Susceptibility is further divided into three categories. 
I. Threat activity - measured by the probability that the threat is active and ready to 
engage the aircraft. 
2. Aircraft detection, identification and tracking - measured by the probability that the 
aircraft is detected, identified, and engaged by the threat 
3. Gunfire or missile la\lnch, propagator fly-out, and warhead impact or detonation -
measured by the probability that the threat propagator is launched or fired, possibly 
guided, and either hits the aircraft or a warhead is detonated in sufficient proximity to 
the aircraft to cause damage. 
Susceptibility is influenced by various features such as, the aircraft design (e.g., small 
size and/or incorporation of stealth technology to minimise detection, good 
manoeuvrability to avoid the damage mechanisms), the tactics used (e.g., terrain masking 
to avoid detection) and the survivability weapons and equipment that it carries (e.g., 
electronic countermeasure equipment to jam radars and misguide missiles). However, 
despite the most thorough and comprehensive susceptibility analysis that may be carried 
out during the aircraft design stage or the most technologically advanced features that 
may be incorporated, the probability that an aircraft operating in a hostile environment 
will suffer some form of damage cannot be ignored. This necessitates survivability 
analysis from the perspective of a damaged aircraft. 
The inability of an aircraft to withstand the damage caused by the hostile environment is 
referred to as the vulnerability of the aircraft. Vulnerability is determined by the aircraft's 
design, and also by any survivability features that alleviate the effects of damage when 
hit. Vulnerability can be measured by the conditional probability that an aircraft is killed, 
given a hit by a damage mechanism. It is influenced by factors such as the ability of 
critical components to continue to operate after being damaged (e.g., helicopter 
transmissions that can operate for up to 30 minutes after loss of lubrication) and by 
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design features and/or equipment that prevent or alleviate damage to critical components. 
(e.g., effective separation of two engines so that a single hit will not destroy both engines) 
The ease with which an aircraft is killed in an hostile environment is measured by the 
probability of the aircraft being killed, which is the product of the probability of hit 
(susceptibility) and the conditional probability of a kill given a hit (vulnerability). Thus, 
Probability of kill = Susceptibility X Vulnerability 
The ultimate aim of aircraft combat survivability IS to enhance survivability by 
minimising the probability of kill. 
1.2.2 How Is Survivability Enhanced? 
According to Ball, "any particular characteristic of the aircraft, specific pIece of 
equipment, design technique, armament, or tactic that reduces either the susceptibility or 
the vulnerability of the aircraft has the potential for increasing survivability and is 
referred to as a survivability enhancement feature." Table 1.1 below lists the six 
concepts for susceptibility reduction and the six concepts for vulnerability reduction as 
laid down by Ball. 
Noise jammers and deceivers Component location 
Signature reduction Passive damage suppression 
Expendables Active damage suppression 
Threat suppression Component shielding 
Tactics Component elimination 
Table 1.1 Survivability enhancement concepts 
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1.2.3 The Role of Battle-Damage Aerodynamics in ACS 
The current research programme is directly concerned with improving the vulnerability 
of aircraft. Until recently the aerodynamic impact of battle damage to lifting surfaces is 
an area that has received little attention from aircraft designers. Consequently the effects 
of battle damage, in particular the changes imposed on the flight envelope are poorly 
understood. However, the realisation that aircraft can continue to fly despite significant 
damage to lifting surfaces has revived an interest in this area, and the current research is 
tailored towards improving the understanding. 
The ultimate goal would be the ability to carry out a quick and accurate CFD analysis of 
a battle damaged lifting surface in order to predict the induced changes on its 
aerodynamics, given a particular damage configuration. This type of analysis would 
allow designers to establish key parameters such the modified flight envelope and even 
perhaps recalculate the range. However, any kind of CFD analysis requires accurate 
experimental validation and this is where the current research steps in. 
1.3 Overview of Current Research 
The current research is a quantitative investigation of the flow field associated with a 
battle damaged lifting surface, and has evolved from a previous research study at 
Loughborough University by Irwin. Irwin's investigation focused mainly on the effects of 
battle damage on the aerodynamic force and moment coefficients, although a flow 
visualisation study was also carried out. Other investigations into the aerodynamic effects 
of battle damaged wings have focused on the induced changes in the aerodynamic forces 
and moments, and also on qualitative flow analysis using various flow visualization 
techniques. However, it appears that there is no quantitative data available on the flow 
field around a damaged lifting sUlface. Information such as the velocity of the jet flow 
thorough the damage hole is hitherto unknown. Consequently, the current work is 
intended as a step towards 'completing the overall picture'. 
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A key observation of previous investigations on battle damaged lifting surfaces, was the 
similarity of the flow field, to that associated with a jet issuing from a flat plate into a 
crossflow. Whilst research into the aerodynamics of battle damage is, in relative terms, 
still in its infancy, jets in cross flows of flat plates is an area that is well researched and 
understood. In fact there is a substantial amount of literature and data, both from 
experimental and CFD investigations of jets in crossflows. Thus it is natural that the 
similarities between jets in cross flows and battle damaged wings should be investigated 
further. In fact one of the aims of the current investigation is to establish applicability of 
the data from jets in crossflows to battle damaged wings. 
Thus, the objective of the current investigation is to carry out a quantitative analysis of 
the flow field around an aerofoil with simulated battle damage. However, in spite of the 
similar flow structures, a distinct difference between jets in crossflows and battle 
damaged wings is the manner in which the jet-to-freestream velocity ratio is established. 
In all previous investigations of jets in crossflows, the velocity ratio is controlled by 
independently setting the freestream velocity and the jet velocity. In the case of a 
damaged lifting surface this is not possible. Although the freestream velocity can be set 
to any value within limits of the wind tunnel design, the jet velocity cannot be controlled 
as such and is believed to be related to the pressure differential between the upper and 
lower surfaces of the aerofoil. A key objective of the current investigation is to establish 
this relationship between the pressure differential and the jet velocity. As the pressure 
differential is intrinsically linked to the circulation of the aerofoil, it is a function of 
several factors such as aerofoil geometry, camber, angle of attack etc. Thus, in order to 
simplify the analysis by eliminating the effects of camber, it was decided that flow 
measurements would be carried out using a flat plate, with an equivalent chord and 
thickness to the NACA 64}-412 aerofoil used previously by Irwin. The flat plate 
incorporated an elliptical leading edge to prevent flow separation and the trailing edge 
was tapered to reduce the wake. This particular flat plate geometry is therefore an 
intermediate configuration between thin flat plates normally used in jets in crossflow 
investigations, and the NACA aerofoil used by Irwin in his battle damage experiments. 
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1.4 Research Objectives 
~ Design and implementation of an automated three-dimensional traverse mechanism to 
enable accurate, precise and repeatable flowfield velocity measurements using a Five 
Hole Probe. 
~ Calibrate the Five Hole Probe for accurate velocity measurements using the "non-
nu lied" technique. 
~ To gain a better understanding of the flow structure associated with a damaged lifting 
surface and to provide useful validation data for establishing future CFD models. 
~ To compare and contrast the flow field induced by a battle-damaged lifting surface 
with those associated with jets in crossflows of flat plates. 
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2.1 Introduction 
The aerodynamic effects specific to battle damaged wings is a relatively poorly understood 
phenomenon, with not a great deal of research having been devoted to this area. A review 
of the available literature has revealed that whatever research carried out in the past have 
tended to concentrate on the effects of simulated battle damage on the changes in the 
aerodynamic forces and moments, as opposed to detailed analysis of the flow field 
surrounding the battle damage. 
Several investigations2-1O have been identified dating from the 1960's up to the early 
1980' s, where researchers in the US have investigated the effects of simulated battle 
damage to the aerodynamic surfaces of aircraft. These investigations have looked into 
various effects induced by battle damage, such as flutter, changes in the aero-elastic 
characteristics and changes in aerodynamic forces and moments, for both the low speed 
and high speed range. More importantly however, none of them carried out a quantitative 
analysis of the induced flow structure. Furthermore, most of the early investigations have 
tended to be simplistic and not very representative or realistic of actual battle damage; a 
fact that was also acknowledged by lrwin 12. It appears that these early research into battle 
damage effects served mostly to establish the degree of battle damage that could be 
typically sustained without loss of the aircraft. In fact as Irwin noted, " ... The investigations 
were intended to serve as an aid in detennining the probability of kill for aircraft. However, 
the simulated damage was very simplistic and not very representative. Typical damage was 
the removal of the outer 30% to 50% of one wing, or the partial/full removal of the 
horizontal tail. No attempts were made at testing more detailed or realistic damage ... " and 
"The reports presented the numerical data and did little on the way of analysis. No flow 
visualisation techniques were employed, and no explanation of the flow mechanics were 
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offered ... " Consequently information regarding the flow field induced specifically by a 
battle damaged lifting surface is virtually non-existent. 
Despite the limited information available on battle damage wings, and in particular the 
induced"flow field mechanics, the outlook is not as bleak as it may seem. The flow field 
surrounding a battle damaged wing has been found to be similar l2-15 in many respects, at 
least qualitatively, to that of a jet issuing from a flat plate into a cross flow (from hereon 
referred to as jets in cross flow or JICF). Unlike battle damaged wings, jets in cross flows is 
a well researched and well understood area. Thus knowledge gained from experiments into 
jets in crossflow can be utilised to understand and explain, to a large extent, many of the 
flow characteristics seen in battle damage wings. Consequently a major part of the current 
research programme involved a literature review of jets in crossflow, with the aim of 
gaining a better understanding of the flow mechanics known to be present. The following 
section of this chapter will therefore aim to establish any links and similarities between 
battle damage aerodynamics and jets in crossflows, beginning by looking into previous 
research carried out on battle damaged wings (lifting surfaces), followed by a discussion of 
the main flow mechanics associated with jets in cross flow. The chapter will conclude by 
providing a brief overview of other aerodynamic phenomena that produce a similar 
flow field to a battle damaged wing, such as boundary layer blowing and cavity flows. 
2.2 Previous Research on Battle Damaged Aerodynamics 
The current research program is in effect a continuation of a previous research program 
investigating the aerodynamic effects of battle damage carried out at Loughborough 
University by Irwin l2. This investigation was carried out in the same low turbulence wind 
tunnel as the one used for the current investigation and is one of the most comprehensive 
studies into the aerodynamic effects of battle-damaged wings. The investigation is 
summarised here, albeit in some detail, as it effectively lays the foundation for the current 
research programme and thus provides a good introduction to the current research. 
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Irwin's investigation looked at simulated damage on a 2-D NACA 64,-412 aerofoil section 
and concentrated mainly on a single gunfire hit located at various chordwise positions of 
various hole diameter, and for each case flow visualisation was carried out and the changes 
in the aerodynamic forces and moments were measured. The damage sizes tested were, 
0.1 c, 0.2c, 0.3c and O.4c with the damage hole centre being located at the leading edge 
(semi-circular notch), mid chord (i.e., 0.2Sc and O.Sc) and trailing edge (semi-circular 
notch). Subsequently, interpolation techniques were developed for predicting the 
aerodynamic characteristics of the wing for simulated gunfire damage of differing sizes 
and locations to those tested experimentally. The effects of simulated multi-hit gunfire 
damage were also investigated and a superposition prediction method was developed. 
Finally, the characteristics of simulated missile damage were studied, in particular the 
effects of varying the fragment density and the hole size. As the current investigation is 
limited to the effects of just one damage hole, the following summary of Irwin's work is 
also contained to that pertaining to a single gunfire hit. 
For leading edge damage, the dominant flow mechanism was observed to be a pair of 
contra-rotating vortices close to the aerofoil surface, with a wake region behind the damage, 
extending all the way to the trailing edge. At low incidences, the wake flow was found to 
be attached, with negligible effect on the surface flow either side of the wake. The effect on 
the lift curve slope was a slight reduction. As the incidence was increased, the vortices 
moved further away from the wing, with an enlarged wake region of reverse flow. CL and 
CM values indicated a "premature stall" effect followed by recovery, while the CD values 
were seen to increase across the incidence range tested. Increasing the damage size resulted 
in an increase in the magnitude of the coefficient changes measured and reduced the 
critical incidence at which the wake was observed to detach from the surface. 
Of all the damage locations investigated by Irwin, the quarter chord' (and to a lesser extent 
the half chord) was found to be the most sensitive to damage. This was attributed primarily 
to the interference effects of the jet flow through the damage hole, on the upper surface 
pressure distributions. This through flow, thought to be driven by the pressure differential 
, 
Irwin's tests with the damage hole located at the quarter chord is the most applicable and comparable configuration 
(with respect to damage location) to the current research. where the damage hole was located at O.3c. 
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between the upper and lower surface, was found to take one of two fonns. At low 
incidences and small damage sizes, a 'weak jet't was observed. The weak jet was seen to 
follow the surface closely with an attached wake region. Cp, Cf.., CD and CM changes were 
found to be minimal. Typically, the degradation in CL was not more than about 0.025, the 
increase in CD was not more than around 0.0075 and the maximum change in CM was 
approximately -0.0075. Increased incidence or damage size resulted in a 'strong jet' , which 
penetrated further into the cross flow resulting in the separation of the oncoming surface 
flow and large region of reverse flow and separation aft of the jet. The associated lift losses, 
drag increments and pitching moment changes were found to be significantly greater that 
the corresponding weak jet case. Typically, the maximum degradation in CL was found to 
be around 0.28, the maximum increase in CD was around 0.07 and the maximum change in 
CM was around -0.05. The lift losses were attributed primarily to the reduction of the 
pressure peaks upstream and either side of the damage, whilst the CD increments and the 
changes in CM were accounted for by the changes in Cp within the wake region. 
Irwin also identified a number of similarities with flat plate jets in crossflows. These were 
primarily found in the flow structure, but interestingly, the surface static pressure changes 
were significantly different. This is possibly due to the influence of the pressure gradient 
and circulation of the aerofoil. He also found that the effects on the upper surface Cp values 
extended up to and beyond a spanwise distance of 5 damage radii from the damage centre. 
The results obtained for the changes in the aerodynamic coefficients were used to develop 
empirical relationships, which relate the damage location and size to the changes measured. 
It was found that for each damage location tested, negligible changes in the lift, drag and 
pitching moment coincided with the incidence at which the undamaged pressure 
differential, at the damage location, was approximately zero. In this case the undamaged 
pressure differential was defined as the difference between the upper and lower surface Cp 
at a particular chord wise location of the undamaged model. 
t [rwin's classification of the flow structure as either "weak jet" or "strong jet" has been adopted from the tenninoiogy 
commonly used in flat plate jets-in-crossflow investigations. It is also worth noting that his distinction of the flow 
structure into one of the above categories was based purely on the observed flow mechanics and not on the 
jeHo-freeslream velocity ratio·s. 
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For the leading edge damage, it was found that up to the point of premature stall, 
coefficient changes could be scaled by the percentage area of the damage. (with respect to 
the overall wing area) This scaling was then used to interpolate for intermediate sizes of 
damage. For quarter chord and half chord damage, a lift loss interpolation technique was 
developed based on the undamaged pressure differential at the damage centre location. The 
drag increments for intermediate hole sizes were interpolated based on the strength of the 
observed jet, with strong jet drag increments proving to be much more significant than for 
the weak jet. The pitching moment for all damage sizes was found to vary linearly with 
incidence for the strong jet case. Comparisons of interpolated results with an independent 
validation test case, with the damage located at the quarter chord, revealed that for the lift 
loss and drag increment results, there was a good match over most of the incidence range, 
and over the entire incidence range in the case of the pitching moment changes. For the 
trailing edge damage, the CL and Cm changes were found to be proportional to the product 
of the non-dimensional damage diameter and the undamaged trailing edge region normal 
force and pitching moment respectively. CD increments exhibited an approximately linear 
relationship with just the non-dimensional damage diameter. Once again, a good match 
was found between interpolated and experimental results. 
Investigations of the multi-hit gunfire case revealed that the characteristics of a wing with 
two holes could be predicted reasonably by superposition of the effects of a single hole. 
However, this method was limited to a restricted incidence range, with the upper limit of 
this range being the incidence at which the jet through the hole nearest the leading edge 
changed from a weak jet to a strong jet. 
Simulated missile damage results showed significant CL losses, CD increments and Cm 
changes. Both the lift and drag increments at a given incidence were found to be related to 
the percentage wing area removed to a first order approximation. Interestingly, all cases 
tested failed to indicate the onset of full stall, even at the maximum incidence tested of 14°. 
This has been attributed to "combined through-flow effects exerting control on the upper 
surface and energising the flow field. " Low fragment densities and smaller damage sizes 
had revealed a complex surface flow structure made up of boundary layer growth, attached 
II 
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wakes, and detached surface flow. The individual flow patterns were found to be similar to 
the single-hit gunfire cases observed earlier. Increasing fragment density and hole size was 
found to cause upper surface separation at the first row of holes (i.e., very near the leading 
edge) even at low incidences. It was also shown that changes in CL CD, and Cm could be 
presented as contour plots from which interpolation to intermediate damage sizes and 
fragment densities was possible. However, this interpolation technique has not been 
validated by experiment. 
A key component of Irwin's research was the pressure field induced by the jet. At an angle 
of attack of _2° (near-zero lift), the disruption of the upper surface pressure field was found 
to be minimal and localized, even though flow visualization had revealed a more 
significant alteration of the flow field. The interference effects were limited to a small 
suction peak located at the rear edge of the damage hole, which most probably corresponds 
to an acceleration of the flow over the rear edge as it dips in and out of the hole akin to a 
cavity flow. (Refer figure 2.1) 
As the angle of attack was increased to +4° (figure 2.2), there was a significant disruption 
to the pressure field. Overall the Cp's over the upper surface were more negative, and the 
contours were no longer parallel to the leading and trailing edges indicating the spanwise 
disruption of the pressure field. Upstream of the damage, the pressure contours were seen 
to closely follow the forward separation line (introduced earlier as the line where the 
freestream met the through-flow jet from the damage). Downstream from the damage, the 
negative suction peak was less pronounced and located some IS-20%c downstream of the 
damage rear edge (and was found to move rearwards with increasing incidence). The peak 
was approximately circular in shape, the width of the wake and centred on the damage 
centre line. 
As the incidence was increased to +8° (figure 2.3), the interference of the pressure field 
was found to extend well beyond the pressure tapping matrix. Again, the pressure contours 
were found to follow the general direction of the forward separation line, whilst the 
negative peak aft of the damage had now moved further back and also divided into two, 
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each peak moving outwards in a spanwise direction. The centres of the peaks were found to 
correspond to the locations of the trailing edge surface vortices observed from flow 
visualisation. When the wing was set at a negative angle of attack of _6°, with the 
through-flow jet now exiting from the lower surface, the pressure field features observed 
previously on the upper surface were now seen on the lower surface. 
leading Edge 
FLOW~ 
Trailing Edge 
Contour increment 
Cp = 0.05 
Figure 2.1 (from ref. 12) - Upper surface pressure contour, superimposed on flow 
visua/ization.(20%c, C/4, -2deg) 
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Leading Edge 
FLOW~ 
Trailing Edge 
Contour increment 
Cp = 0,05 
Figure 2.2 (from re! 12) - Upper surface pressure contour, superimposed onflow 
visualization.(20%c, C/4, +4deg) 
Leading Edge 
FLOW~ 
Trailing Edge 
Contour increment 
Cp =0.05 
Figure 2.3 (from re! 12) - Upper surface pressure contour, superimposed on flow 
visualization.(20%c, C/4, +8deg) 
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Apart from Irwin's investigation and those stemming directly from it l3 . 14, others directly 
applicable to battle damage are scarce. A fairly recent publication that is directly applicable 
is a from a research programme carried out in 1998 by Robinson & Leishman l5. The 
investigation looked at estimating the effects of ballistic (battle) damage on the 
aerodynamics of 2-D helicopter rotor aerofoil sections. Although the complex flow 
structure in the region of a helicopter rotor blade in forward flight is somewhat different to 
that of a fixed wing aircraft, the test configuration in this investigation simulates a 
helicopter rotor blade in hovering flight, which is equivalent to the flow over an aerofoil 
section of a fixed wing aircraft in forward flight. The results of this investigation can 
therefore be assumed to be representative of the aerodynamic characteristics of 2-D wing 
section. 
Measurements of lift, drag and pitching moment over an incidence range of _25° to +30°, 
for two aerofoil sections with varying damage shapes (simulated and actual ballistic 
damage) and locations were carried out; supplemented by surface flow visualisations. A 
summary of the damage configurations is given in figure 2.4 where the damage 
configurations of specimens lE, 2A, and 2B are very similar to those investigated by Irwin. 
The surface flow visualisations and the trends of the aerodynamic force and moment 
measurements observed for these particular specimens were generally found to agree fairly 
well with the findings of Irwin. 
Although surface flow visualisation is not presented for I A, the overall aerodynamic 
effects of this type of damage appear to be minimal. There was a slight reduction of the 
lift-curve slope with about a 0.1 decrease of the maximum CL. The aerodynamic centre was 
found to have migrated slightly forward, and the damage produced higher drag at the lower 
angles of attack with an increase in the zero-lift drag coefficient of about 45% compared to 
the undamaged case. The rate of increase of drag with angle of attack was however found 
to be relatively unaffected by the damage with an overall reduction in the maximum 
lift-to-drag ratio by about 30%. 
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Surface flow visualisations for specimen IB (simulated wedge-shaped damage) at a = 
13.25° reveal that despite the large amount oflifting area that has been removed, the overall 
flow structure was relatively unchanged compared to the undamaged case. However, flow 
separation was seen all along the upstream edges of the damaged region. The aerodynamic 
effects of this type of damage were a more notable decrease in the lift curve slope (about 
10%), and a more significant reduction in the maximum lift coefficient (about 0.2). 
Surprisingly, it was found that the stall angle of attack was increased from about 15.5° to 
16.5°. A larger forward movement of the aerodynamic centre and a larger increase in drag, 
relative to specimen lA, was also observed. The drag increase was more marked (almost a 
factor of 2 over the undamaged section) over the lower angles of attack. 
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Figure 2.4 (From Ref.15). Schematic showing blade specimens tested with 
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Aerodynamic measurements for specimen I C (actual wedge-shaped ballistic damage) 
showed that there was, once again, a decrease in the lift curve slope of about 10% and the 
maximum lift coefficient of about 0.2, which were identical to the results of specimen I B, 
but in this case there is also a reduction in the zero-lift angle of attack by just over I deg, 
which makes the difference in the lift curve slope less pronounced. The effect on the 
zero-lift angle of attack, is attributed to the damage incurred at the trailing edge bond line 
of the blade, which was split along its length. This damage type also caused the centre of 
pressure to migrate forward, although a little less so than for lB. The pitching moment 
behaviour was found to be much more non-linear beyond 9°-10° angle of attack and this 
has been attributed to a more complex flow structure of the actual damage. As was 
expected, the drag was also higher than for I B due to the delamination of the skin plys. The 
zero lift drag coefficient was measured to be around 0.037, which was nearly four times 
greater than the undamaged case. However, it appears that the overall effects of this type of 
damage are not significantly different to the simulated wedge shape of lB. Thus, the wedge 
shape is a reasonable approximation of the actual damage. 
Comparison of results between specimens 2A (circular hole at 0.24c) and 2B (circular hole 
at 0.24c with serrated edges) show that the effect of the serrated edges simulating the 
petalling effect is negligible. The only noticeable differences due to the petalling were a 
slightly degraded lift curve slope, a slightly higher drag and a more non-linear pitching 
moment. Overall, the primary aerodynamic changes were due to the hole itself, with the 
serration only causing secondary effects. These results further justify lrwin's decision to 
ignore the petalling effects when modelling battle damage with circular holes; a 
characteristic that is retained in the current research. 
The final comparison of importance is between specimens I A and 2C; i.e., the same 
damage configuration (circular hole at 0.75c) for two different aerofoil shapes. lA is a 
SCI095 aerofoil section while 2C is a SCI095-RS section, which is a modified version of 
the former. This has a modified nose shape with increased camber, designed to enhance 
maximum lift. The results indicate that there is not much difference between the two. In 
both cases, the trends due to the damage are very similar relati ve to their respective 
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undamaged specimens. Thus, the enhanced lift of the latter aerofoil does not affect the 
damage flow structure. However this is somewhat misleading as the damage is located 
towards the trailing edge, whereas most of the enhanced lift is due to the modified nose 
shape and thus probably located towards the leading edge. Therefore it is reasonable to 
expect that, had the damage been located in the region of the quarter chord, the change in 
the aerodynamic forces between the two, relative to their undamaged specimens, would 
have been greater. There was further support for this theory from the findings of Irwin, 
where damage located on the quarter chord caused greater changes in the aerodynamic 
forces relative to the damage located further aft along the chord. 
A recent study by Render & Walton I6 extended Irwin's work to investigate the influence of 
flaps, camber and repair schemes on the aerodynamic interference effects of battle damage, 
by measuring changes to the lift and drag coefficients, supplemented by surface flow 
visualisation. The influence of flap deflection was carried out using a 200mm chord NACA 
0012 aerofoil fitted with a trailing edge flap of 25% chord, deflected at 10° intervals 
between _20° and +20°. The damage was simulated by circular holes of varying diameter 
ranging from lO%c to 40%c, all located at the quarter chord. (The results were presented 
for the 30%c damage case, as the general trends were typical for all damage sizes) 
Flap deflection was found to have a significant effect on the through flow characteristics of 
the battle damage. For example, at an incidence of 4°, with 30%c damage and no flap 
deflection, a strong jet flow, extending over the flap, was observed from flow visualisation. 
Positive flap deflection resulted in a more intense strong jet flow over the main aerofoil but 
with significant flow separation over the upper surface of the flap, which had remained 
attached for the corresponding undamaged case. Negative flap deflections at this particular 
incidence resulted in a reduction of the strong jet intensity, eventually transforming into a 
weak jet flow. The resulting changes in the aerodynamic force increments (relative to the 
undamaged case) corresponded well wi th the general trends observed for weak and strong 
jets by Irwin. Reducing flap deflection reduced the drag increments associated with the 
battle damage. Irwin had shown that the associated drag increments for a weak jet flow 
were lower than that for a strong jet flow, thus as the flap deflection angle was 
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progressively reduced and the through flow jet transformed from a strong jet to a weak jet, 
the resulting lower drag increments are as expected. However, this reduction in drag was 
not merely due to jet transition, as at incidences of 6° and 8° the through flow was a strong 
jet for all flap angles, yet there was still a reduction in the drag increments as the flap 
deflection was reduced. Thus the drag increments are clearly related to the strength of the 
jet. The trends for the lift increments were not as transparent, although the general trends 
expected with the strength of the jet were still observed. As the flap deflection was 
increased the decrement of the lift coefficient was gTeater and became more significant as 
the angle of attack of the aerofoil was increased. At negative flap deflections there was a 
positive lift increment, although the influence of incidence was small. Of greater interest 
was, at zero flap deflection, the two lower incidences (i.e. 2° and 4°) produced positive lift 
increments whilst the two higher incidences (i.e. 6° and 8°) produced negative lift 
increments; something that was not observed by Irwin. The effects observed for the zero 
and negative flap deflections were attributed to the interaction of the flap and damage flows. 
This involved the flow through the aerofoil/flap gap and additionally, for the negative flap 
deflections, the flap was deflected into the damage wake. This interaction was thought to 
limit the development of the damage through flow, and was confirmed from the flow 
visualisation, where the damage wake was evident on the main aerofoil, but not over the 
flap. 
The influence of camber was investigated usmg three NACA aerofoils of identical 
thickness forms, but with different cambers; NACA 64 1-412 (used by Irwin), NACA 
64 1-212 and NACA 64 1-012 (symmetric). Although the general trends in the aerodynamic 
force coefficients for all aerofoils were consistent, significant differences were found in the 
increments. At positive incidences, increasing camber was found to increase the drag 
increments and reduce the lift increments. Flow visualisation revealed that for a given 
incidence, reducing the camber weakened the strength and extent of the jet flow, and often 
changed a strong jet into a weak jet. Thus reducing the camber was found to effectively 
delay the transition of the weak jet to a strong jet to higher incidences, for all damage sizes. 
The authors conclude that " ... a combination of trailing edge controls and local camber 
variation (Le. adaptive swface technology) raise the possibility of negating the effects of 
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battle damage on future combat aircraft ". 
Results for the repair scheme tests will not be discussed here in detail, as they are not 
directly applicable to the current research, but to summarise, it was found that realistic 
repair schemes involving both upper and lower surface repairs enable the aerodynamic 
performance of the aerofoil to be reinstated to something close to the original undamaged 
case. Repairs to just one surface was also found to produce significant improvements to the 
force and moment coefficients, which were attributed to the elimination of the damage 
through-flow, resulting the hole acting as a circular cavity. 
2.3 Jets Issuing from Wings or Aerofoils into Crossflows 
Investigations falling into this category have generally been precipitated by an interest in 
the flow structure associated with V /STOL aircraft. Although these investigations do not 
specifically look into the effects of battle damage, the prevalent flow mechanics are quite 
similar. In fact the only real difference here is that unlike a battle damaged wing the jet 
velocity, and hence the jet-to-freestream velocity ratio R, is controlled independently of the 
freestream velocity, thus simulating a V /STOL aircraft in the initial transition stage from 
hovering flight to forward flight. Consequently the velocity ratios tend to be quite high and 
are thus likely to be higher than for battle damaged wings. 
One of the earlier investigations is by Mikolowsky & McMahon 17, where measur~ments of 
the interference effects of a jet on the lower surface pressure distribution and the 
aerodynamic forces and moments were carried out for a circular jet issuing from the 
bottom surface of a 2-D wing'. Several parameters such as the jet exit location,jet diameter, 
wing angle of attack and ratio of jet-to-freestream velocity were varied to assess their 
:): This scenario is somewhat different from that of a battle damaged wing in that, in the latter case, the jet is obviously 
exiting from the upper surface at positive angles of attack. Nevertheless the associated flow mechanics. in particular the 
interference of the suIface pressures, is of interest to the current research. 
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influence on the flow structure. The jet-exit configurations tested were a O.lc diameter hole 
located at O.25c, 0.45c and O.65c and a O.2c diameter hole located at 0.45c. 
The authors acknowledge the obvious link between cross flow jet mechanics of flat plates 
and wings, but they also cite a previous publication by Williams & Woodls which reports 
on a jet issuing from a finite rectangular wing which indicates that the flat plate 
interference characteristics are not always applicable to a 2D wing. They had found 
extensive regions of positive pressure forward of the jet on the lower surface; whereas the 
positive pressure region upstream of the jet was found to be far more contained and located 
in the immediate vicinity of the jet-exit in the equivalent infinite flat plate case. 
Consequently, Mikolowsky & McMahon compare the surface pressure contours on the 
lower surface of their 2-D wing at jet-to-freestream velocity ratios of R= 12 and R=4, with 
the surface pressure contours on a flat plate at the same velocity ratios, obtained by 
Mosherl 9 in an earlier experiment. The results indicate that for the higher velocity ratio, the 
contours are "very nearly identical" apart from in a very small region in the immediate 
vicinity of the jet. However, the lower velocity ratio of R = 4 reveals "gross 
dissimilarities" between the wing and the flat plate. The differences were mainly 
concentrated in the region forward of the jet; in the case of the wing there was a large 
region of positive interference pressure extending well upstream of the jet, whereas for the 
flat plate this positive pressure was found to be highly localized to the immediate area in 
front of the jet; as reported previously by Williams & Wood. Also, the region of negative 
interference pressure aft of and lateral to the jet was found to be more contained in the case 
of the flat plate. The characteristics of the surface pressures were found to be similar for the 
other jet exit locations that were tested. In all cases, the primary effect of increasing the 
angle of attack was to decrease the extent of the region of positive pressure forward of the 
jet. This is expected, as increasing the angle of attack normally decreases the positive 
pressure peak on the lower surface around the leading edge of a wing, as the stagnation 
point moves downstream along the lower surface. Increasing the jet diameter was found to 
increase the region of positive pressure. They conclude that simulating the surface pressure 
contours of a wing by a flat plate is reasonable for velocity ratios, R::O: 8. For values of R< 8 
the flow situation is found to be vastly different, and they state that the flow undergoes 
21 
2. LITERATURE REVIEW 
transition in the region 4 < R < 8, which eventually leads to R '" 6 being used as the 
approximate boundary. 
The aerodynamic force measurements have revealed that compared to the jet-off case a 
significant increase in lift occurs at a = 0° for velocity ratios, R < 6. This lift augmentation 
is seen to decrease with increasing angle of attack. For all angles of attack, a reversal in the 
observed trends was seen to occur at a velocity ratio of R '" 6, which further justifies the 
argument that this is the approximate boundary. The interference effects on drag and 
pitching moments show trends similar to that observed with the lift; i.e., a significant 
increase in drag and an increase in the adverse (nose-up) pitching moment. All of these 
trends have been attributed mainly to the change in the pressure distributions ahead of the 
jet exit, on the lower surface of the wing. The effect of the jet exit location on the lift was 
such that, that there was an increase in lift as the jet exit was moved aft towards the trailing 
edge. This was attributed to the increased area available for the positive interference 
pressures ahead of the jet. Finally, the investigation looks at the effect of jet exit diameter 
on the lift. A larger jet diameter has been found to increase the lift throughout the range of 
velocity ratios tested. This effect has been attributed once again to the positive pressures 
forward of the jet for velocity ratios R < 6, but interestingly, for the higher velocity ratios it 
is claimed that this effect is due to the increase in suction (negative) pressures induced by 
the jet on the upper surface of the wing. Flow visualisation photographs show that the 
upper surface boundary layer separation has been prevented locally in the region of the jet, 
which indicates that there is indeed a certain degree of interference on the upper surface 
pressures, even though the jet is exiting from the lower surface. This upper surface 
interference at the higher velocity ratios (R>6) was thought to be due to the jet-flap type 
behaviour exhibited by the jet. In fact, the positive interference pressures forward of the jet 
at the lower velocity ratios were also thought to be due to the induced downwash which is a 
characteristic of the jet-flap. 
McMahon & Antani20 combines the experimental configuration used by Mikolowsky & 
McMahon (O.lc diameter damage hole located at 0.65c - jet issuing from the lower surface) 
with the measurement techniques developed by Feam & Weston22 in their investigation 
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using flat plates (discussed later on). The investigation extended the work of Feam & 
Weston on crossflow jets issuing from flat plates, to a mapping of the velocity field around 
a cross flow jet in the presence of circulation; i.e., a jet issuing from a lifting 2-D wing. 
Their objective was to compare data from the wing tests with those from the flat plate, in 
order to investigate changes in the velocity field and the vortex strength and location 
brought about by the circulation of the lifting wing. The experiments were conducted at 
jet-to-freestream velocity ratios of R = 4, 6 and 8, and for three combinations of wing angle 
of attack (a) and flap deflection (8); a=O° & 8=_50 (minimum lift, CL = 0.034), a=6° & 8=00 
(intermediate lift, CL = 1.24) and a=8° & 8=150 (maximum lift, CL = 2.45). Data describing 
the jet centreline and the path of the contra-rotating vortices, along with the vortex strength 
and spacing were presented and compared with corresponding data for a flat plate. 
Measuring the contra-rotating vortices required an initial approximate knowledge of the 
vortex path as measurements had to be taken in planes perpendicular to it. As they did not 
have any available empirical data describing the vortex curve of a jet issuing from a wing, 
Feam & Weston's flat plate vortex equation was used as a first estimate. The pair of 
contra-rotating vortices induce an upwash in the plane of syrrunetry (Y =0) and the locus of 
maximum upwash velocities along the syrrunetry plane was taken as the vortex trajectory. 
Thus from the velocity measurements made in perpendicular planes along the vortex curve, 
the maximum up wash velocities at the symmetry plane were used to map the path pf the 
contra-rotating vortices. The spacing and the strength of the vortices were calculated 
directly from the velocity measurements and also using the vortex filament model 
proposed by Fearn & Weston. 
The first observation of note is the extent of the influence of the jet on the flow field. A 
velocity vector plot far downstream of the jet exit at xlD = 8, for R = 4 at minimum lift, 
clearly shows the presence of the vortex, but more importantly, it reveals that the jet has no 
significance influence on the flow above the wing. The same behaviour has also been 
observed at maximum lift for the same R. 
The trajectory of the jet centreline was seen to exhibit similar trends to that seen with flat 
plates. The jet was found to penetrate further into the freestream with increasing R at 
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minimum lift§. The effect of lift was to increase the penetration of the jet for a constant R, 
and this penetration has been found to be approximately linear with lift". Comparison of 
the path of the jet centreline for the minimum lift case with flat plate results revealed that 
the difference is negligible. This implied that there was no significant effect on the jet 
centreline when a flat plate is replaced by a non-lifting wing. It is the downwash associated 
with lift (i.e., circulation) that was found to affect the jet penetration. 
Results obtained for the path of the vortex curve indicated trends that are identical to those 
observed with the jet centreline. Comparison of the vortex curve for a flat plate with the 
minimum lift case is, once again, almost identical. However it was found that the effect on 
the vortex curve (compared to the jet centreline curve) as the lift was increased, was less 
pronounced for the higher velocity ratios. As with the jet trajectory before, replacing a flat 
plate with a non-lifting wing had little effect on the vortex curve. It was the downwash 
associated with lift that was found to have a major impact. 
The half spacing between the vortices, at minimum lift, was seen to increase slightly as R 
was increased, and the half spacing was also seen to increase as the vortices moved further 
downstream of the jet exit. The effect of lift was to increase the half spacing for all values 
of R. Comparison of results for the flat plate, at minimum lift, reveal that the half spacing is 
slightly greater for the wing. Comparison of the two different methods used to calculate the 
vortex spacing, i.e. directly from the vector plots and by the vortex filament model of Feam 
& Weston, was of note; For a flat plate, the vortex filament model was found to 
over-predict the half spacing (measured from the vector plots) by approximately 20%, 
while for the wing the over prediction was about a factor of two. This suggested that the 
§ The minimum lifl case is the closest approximation to the flat plate. The only difference between a flat plate and a 2·0 
wing at zero lift is the presence of pressure gradients in the laner . 
.. One might argue that the increased penetration associated with increased lift is due to the increasing of the angle of 
attack of the wing, and hence the injection angle of the jet, as in order to obtain maximum lift the angle of auack had to be 
increased by So. However an investigation by Margason21 found that such a small change in the injection angle has 
negligible influence on the jet penetration. Thus the increased jet penetration angle observed with increase in lift was not 
caused by the change in angle of attack of the wing (and hence the injection angle of the jet). 
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vortex filament model was not very accurate when predicting the vortex parameters for a 
2-D wing. 
The vortex strength was also found to increase with increasing R for the minimum lift case. 
The effect of lift was to increase the vortex strength, al though the larger increments were at 
the lower values of R. The general trends observed with the vortex strength and half 
spacing were similar to those observed for the flat plate; i.e., the vortices spread and diffuse 
such that they gradually weaken one another. Comparison of flat plate results and the 
equivalent minimum lift case for the wing shows that, at R =0 4, the vortex strength is 
greater for the 2-D wing, but at R =0 8, the vortex strength of the flat plate is greater. The 
authors however acknowledge that this comparison may be invalid, as the vortex filament 
model was found to be inaccurate when predicting parameters for a 2-D wing, as discussed 
earlier. On the other hand they conclude that the results for the flat plate and the zero lift 
2-D wing need not necessarily agree with each other with regards to the vortex strength. 
They state that the interference pressure distribution on the wing due to the jet alters the 
spanwise loading on the wing and hence the circulation, even for the zero-lift case. The 
change in the spanwise circulation, away from the constant 2-D value, implies a shedding 
of streamwise vorticity. This vorticity, in turn, may interact with the jet vortex so as to alter 
its strength. 
A previous study by Wooler23 presents a semi-empirical method for predicting the 
aerodynamic interference of a cross flow jet issuing from a wing. The method uses 
experimental data from a previous investigation by 10rdinson24 on flat plate cross flow jet 
mechanics to formulate an initial equation to describe the path of the jet. Classical 
aerodynamic theory was then used in conjunction with several assumptions, to arrive at 
expressions for the perturbation velocities, and finally for the pressure coefficient. The 
expression for the pressure coefficient was subsequently used to calculate the surface 
pressure contours for a jet issuing from a flat plate at a velocity ratio of R=o8. The 
theoretical pressure contours were compared to previous experimental results 
(unpublished), and was generally found to be in good agreement, except in the wake region 
immediately downstream of the jet. This discrepancy in the wake region was accounted for 
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as follows; "It is possible that the mainstream separates around the jet leaving a wake 
region on the plate surface, the effect of which is to produce an appreciable suction force 
on the plate which has not been accounted for ... " The author then goes on to state that "It 
is doubtful that a theoretical treatment of this problem is possible and experimentally 
determined results appear to be the only answer at the moment". 
It is of course now known that there is in fact a highly negative (suction) pressure region 
located immediately aft of the hole edge, although a fully theoretical approach to 
accurately predicting the flow field of jet issuing into a cross flow has not yet been derived. 
This underlines the complexity involved and the need to perhaps employ Computational 
Fluid Dynamic techniques to enable accurate and relatively quick predictions of the 
interference effects, particularly within the highly 3D wake region in the lee of the jet. 
2.4 Jets in Crossflows of Flat Plates 
The jet in crossflow is a basic flow field that is prevalent in a range of real life applications 
such as during the cooling of gas turbine combustors, fuel injection, turbofan thrust 
reversers, turbojet thrust vectoring and the most common case, in V ISTOL aircraft in the 
transition from hover to forward flight and vice versa. 
As a result, in contrast to battle damage aerodynamics, the flow field interaction of a jet 
issuing from a flat plate into a crossflow is a well researched area with a vast amount of 
publications over the years. The majority of these publications however have been 
produced during the 1960's and the 70's, presumably precipitated by the keen interest in 
the development of V ISTOL aircraft at the time. As mentioned previously, the flow 
mechanics of jets in cross flows of flat plates exhibit a great deal of similarity with that of 
battle damaged wings. The numerous publications on this topic look into various aspects of 
the flow field (discussed in detail later on), with particular attention being given to tracking 
the trajectory of the jet as it penetrates into the freestream, jet cross section shape, induced 
forces and moments, the associated vortex field, and the induced pressure distribution. The 
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flow field is generally defined by the relative strengths of the jet and the freestream, usually 
taken as the jet-to-freestream velocity ratio R, although other variations of this definition 
have also been adopted. Similarly, when tracking the jet trajectory various investigators 
have used different methods, with the jet centre line being the most commonly used 
parameter, whilst the jet boundary and the vortex centreline have also been used on 
occasion. The jet centreline in turn has been defined as the locus of maximum velocity, 
locus of maximum temperature (when the jet temperature is different to that of the 
freestream) or as observed from flow visualisation. Much time and effort has also been 
devoted to understanding the creation and dispersion of the associated vortex field, but 
once again contrasting theories have been put forward by different investigators. Despite 
the differing theories offered on various aspects of the flow field, the overall picture 
painted of the basic flow field induced by a jet issuing onto a crossflow is generally on good 
agreement. All investigations have generally identified the key features of the flow field 
such as the contra-rotating bound vortex system, the reverse flow region aft of the jet exit, 
the deflection of the jet etc. Collectively they provide a good insight into the mechanisms 
present during the interaction of a jet with a crossflow, and thus lay the necessary 
groundwork for the current research. 
One of the more in-depth and revealing studies into jets in crossflow of flat plates was 
carried out by Andreopoulos & Rodi25 . They conducted hot-wire flow field measurements 
of mean velocity and turbulence, at three different velocity ratios of 0.5, I & 2, to obtain a 
fairly comprehensive picture of the highly complex three-dimensional flow field. Sketches 
illustrating the general flow characteristics observed, for velocity ratios of 0.5 and 2 have 
been extracted and are reproduced here as figure 2.5. Their description of the flow field is 
as follows. 
"The most obviousfeature of the jet in a cross flow is the mutual deflection of jet and cross 
flow. The jet is bent over by the cross-stream, while the latter is deflected as if it were 
blocked by a rigid obstacle, the difference being that the jet interacts with the deflected 
flow and entrains fluid from it. In the case of the small velocity ratio, (R=O.5), the flow 
behaves as if a partial, inclined 'covet' were put over the front part of the exit hole, 
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Figure 2.5 (From re! 25). Flow development/or (a) low, R=O.5 and (b) high, 
R=2 velocity ratios. 
causing the jet streamlines to start bending while still in the discharge tube and the jet to 
bend over completely right above the exit and also to lift up the oncoming flow over the 
bent-over jet. In the case of the higher velocity ratio (R=2) the jet is only weakly affected 
near the exit and penetrates into the cross stream before it is bent over. In both cases, wake 
regions with very complex three-dimensional flow patterns form in the lee of the jet. In 
these regions, the longitudinal velocity accelerates and the conservation of mass requires 
fluid to move from the sides towards the plane of symmetry. 
Very close to the wall a reverse-flow region forms, and cross-stream fluid has been 
observed to enter this region, travel upstream and then be lifted upwards by the jet fluid 
and to be carried downstream together with it. Unlike the flow in two-dimensional 
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situations, the flow does not re-circulate in this highly three-dimensional case. Here the 
reverse flow is restricted to a region very near the wall. " 
The paper then goes on to discuss the vorticity characteristics of a jet in a cross flow; 
"An important feature of this flow is the deflection of the streamlines in the x- and z-
directions and the associated reorientation and generation of vorticity. Particularly 
striking is the presence of streamwise vorticity downstream of the exit, which is contained 
in the secondary motion formed by two counter-rotating vortices and gives the bent-over 
jet a kidney shape. " 
The counter-rotating bound vortices attached to the underside of the jet were believed to be 
fonned due to a combination of two separate mechanisms. The first is a re-orientation and 
stretching of the original pipe flow vorticity and the second mechanism is the shearing 
action at the interface of the orthogonal jet and the crossflow. The first mechanism has 
been found to be the dominant force at low velocity ratios and the second at the higher 
velocity ratios, with the resultant bound vortex pair being stronger and persisting further 
downstream of the jet exit at the higher velocity ratios. In addition to the effects of the low 
pressure region of the wake, the bound vortex has also been found to strengthen the inward 
flow of the surrounding freestream towards the wake region behind the jet exit. A second 
counter-rotating horse-shoe vortex system, in addition to the bound vortex, has also been 
observed at the surface of the flat plate. According to Andreopolous & Rodi, this 
horse-shoe vortex is generated by the deflection of the oncoming boundary layer around 
the jet. However, this vortex has been found to be much weaker than the bound vortex, to 
the effect that it is thought to be "suppressed" by the latter, apart from at the higher 
velocity ratios where some, albeit weak, evidence was found of its existence in the 
"hollow" underneath the bound vortex. 
An earlier pUblication by Fearn and Weston22 presents an investigation of the vorticity field 
associated with ajet in a cross flow, carried out in the V/STOL wind tunnel (14.5 ft. x 21 ft.) 
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at the Langley Research Centre. Their objective was to establish a quantitative description 
of the vortex field through the use of two separate theoretical models, which inferred the 
vorticity characteristics from the measured velocity field. These theoretical models, the so 
called "vortex filament model" and the "diffuse vortex model", enabled the vortex 
characteristics to be established by carrying out relatively few velocity measurements at 
selected planes, thus significantly reducing the time and effort that would otherwise be 
required in a more thorough analysis. 
The velocity field was measured at discrete plane perpendicular to the predicted vortex 
path using a rake of seven five-hole probes, from which the vorticity characteristics, such 
as their strength, spacing, location and diffuseness, were inferred using the two theoretical 
models. In the simpler "vortex filament" model, the characteristics of the two vortices 
were determined by the measured upwash velocities along the Zv axis (See figure 2.6), 
which is the axis perpendicular to the vortex curve at a particular streamwise location. 
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Figure 2.6 (From re! 22). Sketch o/test apparatus and coordinate systems 
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This 2-D vortex filament model has been assumed to indicate the properties of the actual 
vortices at the location of the cross section. Thus the vorticity is effectively concentrated in 
a filament. Although it did not provide a description of the distribution of the vorticity, it 
had the advantage of requiring relatively few velocity measurements. 
In the second, "diffuse vortex model", the restriction that the vorticity concentrated in a 
filament is relaxed and a Gaussian distribution of vorticity assumed. In this case the vortex 
characteristics were determined by considering all the measured upwash velocities in that 
cross section. The approach was basically the same as for the previous case, apart from a 
few differences. In this case the vortex strength and the half spacing, calculated in a similar 
method to the previous model, were further modified to account for diffusion of the 
vorticity across the symmetry plane. 
The two vortex models were subsequently used to compare the vortex parameters for a 
number of jet-to-freestream velocity ratios ranging from R = 3 to 10. However the results 
are somewhat inconclusive (in terms of agreement between the two models) as the 
measurement planes (i.e., the x/d locations) considered for the two models do not coincide 
with each other to enable a direct comparison and there isn't sufficient data presented in the 
paper to enable a graphical comparison. Nevertheless the diffuse model was used to predict 
the velocity field in the cross section with the most number of data points, and in this case 
the results were found to agree remarkably well with those determined purely by 
experiment. Feam & Weston conclude that the vortex pair forms very close to the jet 
orifice as relatively concentrated vortices, with an initial strength that is directly 
proportional to the speed of the jet at the exit and to the diameter of the jet. The vortices are 
deflected by the freestream, and were found to gradually weaken each other and diffused at 
a rate that was a function of the arc length along the vortex curve, but a weak function of 
the effective velocity ratio; i.e. the dissipation of the vortices is mainly governed by how 
far downstream they have travelled. Interestingly, they reported that the contra-rotating 
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vortices were "easily detected" at 45 jet diameters downstream of the jet orifice", which 
contradicts the findings by Andreopoulos & Rodi, where the contra-rotating vortices were 
quite weak at 10 jet diameters downstream of the jet orifice, even at the highest velocity 
ratio tested by them of R = 2. This discrepancy is probably due to the much higher velocity 
ratios examined by Fearn & Weston. 
Other experiments onjets in cross flow for flat plates include one by Kamotani & Greber26, 
motivated by the need to cool gas turbine combustors, where measurements were made for 
both heated and unheated jets for momentum flux ratios of 15 to 60 (which corresponds to 
velocity ratios, R of 3.87 to 7.74, for the unheated jets). The momentum flux ratio (1) was 
defined as J=pjU/lp",U",z. 
As the jet entered into the crossflow it was found to ch~nge shape due to the non-uniform 
pressure field created by the flow around it, and deform into a crescent shape. Interestingly, 
they also state that " .. . the cross flow creates a pair of vortices behind the jet in much the 
same way as a flow around a cylinder. The vortices acquire axial momentum from the jet 
and move along the jet path while increasing their strength ". This explanation of the 
creation of the contra-rotating vortices is different to the mechanisms put forward by 
Andreopoulos & Rodi. Far downstream the original jet had disappeared and the vortices 
were found to dominate the flowfield. The vorticity was found to be intrinsically linked to 
the momentum flux ratio, and at the lower ratio of J = 15.3 the jet was bent so sharply that 
the vortices had no time to develop and were therefore weak. At the higher ratio of J = 59.6, 
the vortex structure was found to be dominant feature of the flow field. The vortex strength 
was generally found to increase with distance along the jet path up to a certain point and 
then decay due to viscous action. The vortices were also found to induce a "dramatic 
shifting of the maximum velocity location, from the mid-plane to the vortex centres. " 
" Certainly for R = 8, but most probably for Ihe olher higher velocity ratios as well, alIhough it is difficult to 
establish this from the given plot. Only the results for R = 8 are clearly ploUed at xJD = 45, whilst they state 
that" ... numerous data points are not shown because they coincide with those plotted. " 
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The investigation also measured the velocity profile of the jet in the region of the exit for J 
= 72, which revealed an intriguing development. (Figure 2.7) At the exit, the velocity 
profile of the jet is flat and displays an almost 'potential flow' type behaviour. As the jet 
moves further downstream, the velocity profile begins to distort and is seen to become 
increasingly 'peaky', with the velocity at the centre of the jet being much higher than 
around the perimeter. This is probably due the jet gradually beginning to diffuse into the 
freestream. Also noticeable is the gradual shift in the peak velocity from the hole centre 
towards the downstream edge of the hole, evidence that the jet has begun to bend over 
under the influence of the crossflow. 
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Figure 2.7 (From reI. 26) Velocity distribution in jet initial region, where ~ is the distance 
along the jet path, D is the jet exit diameter and <U> is the time-averaged velocity 
A key objective of the experiments was to map the jet trajectory and this was defined by 
two methods; by measuring the locus of points of maximum velocity, and by measuring the 
locus of points of maximum temperature. The velocity ad temperature trajectories did not 
always coincide with the temperature trajectory generally being lower down than the 
velocity trajectory. The difference between the two trajectories was found to increase with 
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difference in temperature between the jet and the freestream. They conclude that (i) the jet 
velocities and the temperature trajectories are mainly determined by the momentum ratio 
(which is the same as the velocity ratio for the unheated jets) of the jet to the freestream, but 
the temperature trajectory is also weakly influenced by the density ratio, (ii) The 
downstream temperature and velocity distributions are mainly determined by the pair of 
bound vortices, (iii) the entrainment process (of freestream air into the turbulent wake 
region) is almost independently controlled by the normal and parallel components of 
crossflow velocity, and (iv) turbulence intensity increases with increasing momentum ratio, 
and its distribution is qualitatively similar to the temperature distribution. 
An investigation by Rudinger & Moon27 in September 1976 measured the flow field 
around a jet injected into a crossflow, using Laser Doppler Anemometry (LDA), with the 
relative strength of the jet with respect to the freestream once again expressed as a 
momentum flux ratio. The investigation was carried out at a momentum flux ratio of 16, 
which puts the induced flow field well within the "strong-jet" regime. The size and scale of 
the experimental setup was however much smaller than most, with a nitrogen jet of 5mm 
diameter exiting into a IOOmm square cross flow of air. 
Consistent with findings of other investigations into "strong-jet" flows, the jet was found to 
penetrate deep into the freestream and two counter-rotating bound vortices were observed 
attached to the underside of the jet. Their creation was attributed to the instability of the jet 
surface, which rolls up to form two counter rotating vortices; an explanation that does not 
quite corroborate the theories proposed by others such as Andreopolous & Rodi as well as 
Kamotani & Greber. Nevertheless the results were found to generally agree "substantially" 
with those of other investigators. The velocity of the jet centreline decreased faster than 
that of jet without a crossflow (i.e. a free-jet) whilst the width of the jet increased linearly 
when measured along the jet trajectory. The velocity profiles measured along the jet were 
found to be similar and could be described using the same relationships derived for 
free-jets. 
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More recent studies employing advanced optical diagnostic techniques have shed further 
light on the associated vortex field. Kelso et al28 investigated the creation and convection of 
vortex structures in the wake of a JICF (at a jet-to-freestream velocity ratio of R = 4.3) 
using laser scanning apparatus to obtain 3D images of fluorescent dyes in a water flow 
channel. By scanning the laser at high repetition rates and using a high-speed video camera 
to record the images, they reconstructed the 3D, time-evolving vortex field in the wake. 
Based on this they attempted to describe the mechanisms of wake vortex formation and 
also explain the results of previous authors. They state that the actual source of wake 
vorticity had not been definitively identified, until a previous investigation by Fric & 
Roshk029 , which conclusively proved that the wake vorticity originated in the flat plate 
boundary layer. The latter study found that the flat plate boundary layer separated on the 
downstream side of the jet due to the imposed adverse pressure gradient, and its vorticity 
was incorporated into the wake vortices. The roll-up process of the wake vortices were 
found to alternate in circulation and pattern, resembling a Von Karman vortex sheet. Of 
particular interest here is that the axes of the vortices described appear to be orientated 
perpendicular to the free stream (i.e. the vortices themselves are horizontal) and not along 
the jet path as that of the bound vortex pair identified in most other experiments thus far. 
These vertically orientated vortices appear to periodically connect the jet with the wall 
boundary layer. Thus it seems that this vortex system is a completely different one to the 
widely reported bound vortex system attached to the underside of the jet. However, Fric & 
Roshko then suggest that the wake vortices closest to the jet were entrained and convected 
by the jet, which probably gives rise to the bound vortex pair, although this was not 
explicitly acknowledged. Kelso et al extended the work of Fric & Roshko and showed that 
there are in fact two different wake vortex patterns; one resembling the Van Karman 
structure identified previously, and a second type consisting of "mushroom like structures, 
where the vortices appear to be grouped into pairs of opposite circulation." Based on their 
reconstruction of the vortex field using the laser scanning apparatus, they produced vortex 
skeleton representations of their interpretation of the roll-up of the Von Karman like vortex 
sheet and of the second mushroom like pattern. (Figures 2.8 & 2.9) They do not however 
provide an explanation, or indeed acknowledge the existence, of the bound vortex pair, 
although what is clearly evident is the underlying extreme complexity of the wake region. 
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Figure 2.8 (from ref 28) Vortex skeleton representation of the inferred roll-up process leading to he 
formation of a von Karman vortex street pattern 
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Figure 2.9 (from ref 28) Vortex skeleton representation of the inferred roll-up process leading to 
he formation of a mushroom-like wake pattern 
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Also worth mention is a study by Kim et al30 which surveyed the JICF flow field, at a 
jet-to-freestream velocity ratio of 3.3 and at two different Reynolds numbers (based on 
freestream velocity and jet diameter), using Particle Image Velocimetry (PIV). They found 
that wake region exhibited different characteristics at different Reynolds numbers, even 
though the jet-to-freestream velocity ratios were the same. 
A publication by Krausche et at1 1 presents an investigation into the influence of injection 
angle on the vortex properties of a round jet in a crossflow. The vortex characteristics were 
inferred from selected velocity measurements using the vortex models proposed by Fearn 
& Weston21 , with the experiments carried out at velocity ratios of R = 4 and 8. For both 
velocity ratios the vortex strength was found to be a maximum relatively near the jet orifice 
and decrease as they were swept downstream due to diffusion of vorticity across the 
symmetry plane. The effect of the injection angle on the vortex strength was found to lie 
markedly different for the two velocity ratios. For R = 8, there was a significant increase in 
vortex strength with increase in injection angle. For example, as the injection angle was 
increased from 45° to 90°, there was an increase in the vortex strength by an approximate 
factor of 2.5. However, for R = 4 the change in vortex strength was negligible. For both 
velocity ratios, the vortex spacing was found to increase with increase in injection angle, 
although this effect was noticeably greater for R = 8. The vortex core radius also exhibited 
a similar behaviour to the vortex spacing and was found to increase with injection angle, 
but more so for the higher velocity ratio. 
There have also been several investigations on JICF, where the emphasis has been on the 
induced surface pressure distribution. A publication by Vogler32 provides a ·comprehensive 
analysis of the surface pressure distribution of a flat plate due to the interaction of a 
crossflow jet with the freestream. Pressure coefficient contours have been produced for a 
large flat plate (24"x40"), a small flat plate (4.5"x17") and for the large flat plate with the 
crossflow jet replaced by a solid cylinder, for jet-to-freestream velocity ratios ranging from 
1 to 5. The latter configuration looks at the similarity of the interference pressure 
distributions due to a circular jet to those of a solid cylinder in a freestream. The results 
obtained by Vogler for the large flat plate are shown in figures 2.1 0 and 2.11. 
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It is apparent that the overall" effect of the interference was a highly positive surface 
pressure region immediately upstream of the jet and a larger, highly negative pressure 
(suction) region immediately downstream and lateral to the jet. Most of the higher negative 
pressures aft of the jet appear to be concentrated to an area around 5 to 6 jet diameters (X/D) 
downstream of the exit, but outward and rearward of the jet exit (i.e., within a region 
between 30° to 60° from the centreline, on either side of the centreline downstream of the 
exit) this area extended to approximately 8 or 10 jet diameters downstream. Thus, "a swept 
lobate" form for the pressure contours was obtained. The negative pressure region was 
observed to be stronger and more extensive than the positive region upstream, and appears 
to be contained closer to the jet exit as the freestream velocity is increasedtt . Overall, the 
lift in the region of the plate affected by the jet was deemed to be negative (when analogous 
to a jet issuing from the lower surface of a wing) with large nose-up pitching moments. The 
strength of the negative pressure field was increased by an increase in jet velocity, and 
usually swept downstream by an increase in freestream velocity. Of particular importance 
is the comparison of the contours of figures 2.10 (a) and 2.11. In both cases the velocity 
ratio is the same but the actual freestream and jet velocities are different. The pressure 
contours however are of very similar shape, with the main discrepancy being that in the 
latter (i.e. with the higher jet velocity) the lateral extension of the negative pressure region 
aft of the jet is somewhat less, whilst the positive pressure region in front of the jet is 
occupies an area that is more or less the same, although it's lateral extent is slightly less. 
This suggests that the interference pressure distribution, although largely governed by the 
velocity ratio, is not purely dependant upon it, with possible secondary effects caused by 
changes to the Reynolds number of the flow. Comparison of the large plate and the small 
plate, with the same jet diameter, revealed that the pressure contours are not significantly 
altered by the change in plate size (for the same velocity ratios), with the main 
discrepancies being at the edges of the plate. Elsewhere, the contours were found to be very 
similar to the large flat plate for coinciding areas. When the jet was replaced by a rod of 
tt Alternatively, this could be perceived as a decrease in the jet-to-freestream ratio, R. Therefore, the effect of 
increasing R. is an expansion of the negative pressure region, with the centre of the region migrating towards 
the trailing edge. 
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identical diameter, the change in freestream velocity had little effect on the magnitude and 
shape of the pressure coefficients. The only noticeable difference was that the pressure 
coefficients were slightly more negative for the higher freestream velocities. It is difficult 
to directly compare the results for the rod with those for the jet, as the former cannot be 
defined in terms of a velocity ratio. However, comparison of the pressure contours of the 
rod with those of the jet for the same freestream velocity revealed that there was close 
similarity upstream but differences downstream of the jet/rod. The "swept lobate" form of 
the negative contours behind the jet was found to be less pronounced for the rod, since 
there was no expanding jet present. 
Other variations on the basic JICF theme include those investigating the effects of multiple 
jets33.34, rectangular jets35.36, subsonic jets exiting into supersonic crossflows37.39 and 
supersonic jets exiting into subsonic crossflowS40.4I. These have not been discussed here as 
they are not directly applicable to the current research. 
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Figure 2.10 (From ReJ. 32). Pressure coefficient contours on the large plate with the round jet, 
and pressure coefficient variation along the longitudinal centreline of the plate surface. 
(\'i=204 ftls and V 00=122 ftls. Note that only contours in the most affected areas have been plotted) 
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Figure 2.11 (From ReJ. 32). Pressure coefficient contours on the large plate with the roundjet, and 
pressure coefficient variation along the longitudinal centre line of the plate surface. 
(~=510 ftls and V~=306 ftls. Note that only contours in the most affected areas have been plotted) 
2.5 Summary of the Jet in Crossflow Flowfield 
Despite the contrasting views sometimes presented by various researchers, the literature 
review provides a good overview of the fundamental flow features of the interaction of a jet 
issuing onto a crossflow. The flow mechanisms have been found to be strongly related to 
the jet-to-freestream velocity ratio (or sometimes expressed as the momentum flux ratio). 
As the jet exits into the freestream, there is a mutual deflection of the jet and the oncoming 
flow_ The jet is bent over by the oncoming flow, whilst the crossflow deflects round the jet. 
The rapidity of the jet deflection is strongly governed by the jet-to-freestream velocity ratio. 
At higher velocity ratios the jet penetrates further into the freestream before bending over, 
whilst at lower velocity ratios the jet bends over almost immediately upon exit. As the jet 
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progresses further downstream it begins to expand in size, mainly laterally, whilst its core 
velocity diminishes as it diffuses into the freestream. A key characteristic is the 
contra-rotating pair of bound vortices attached to the underside of the jet. Their vortex 
strength was found to be the greatest close to the jet exit and highly dependant upon the jet 
exit velocity, after which they gradually weakened one another as they travelled 
downstream with the jet. The jet injection angle was found to have a profound effect on the 
vortex properties at the higher velocity ratios. The vortex strength, size and spacing were 
found to increase with injection angle. At the lower velocity ratios these effects were small 
or negligible. The creation of this vortex system is somewhat unclear, with different 
investigators offering different views. Nevertheless, its effect, particularly in the case of the 
strong jet, is to entrain the surrounding freestream flow into the wake region beneath the jet, 
thus inducing lateral flow. The wake region beneath the jet is itself dependant upon the 
velocity ratio, with the higher velocity ratios resulting in an enlarged wake. Close to the jet 
exit, the wake region has been found to contain a small area of reverse flow. This is because 
the freestream flow entering the wake was subsequently entrained by the jet, thus inducing 
upstream reverse flow, before flowing downstream as part of the jet. The interaction of the 
jet with the freestream has also been found to induce complex pressure distributions on the 
surface. Ahead of the jet, a region of positive pressure is formed as the freestream flow 
rapidly decelerates as it approaches the jet. Behind the jet is a region of negative pressure 
which in effect is the wake of the jet. This negative pressure region is generally stronger 
and larger than the positive region, and extends laterally to a greater degree. As the velocity 
ratio is increased the negative region was found to expand, whilst the core of the region was 
seen to migrate away from the jet exit towards the trailing edge. 
2.6 Boundary Layer Blowing 
Several other applications commonly occurring in aerodynamics produce transverse jets, 
inducing flow fields similar to that of a jet in cross flow and also a battle damaged wing. Of 
particular interest is the flow mechanics of slotted wings and boundary layer blowing, 
where in both instances a jet is ejected transverse to the oncoming flow. Both these 
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techniques of boundary layer control and have been extensively researched and applied in 
practice for many years, with a vast amount of published literature. A comprehensive 
review of these flows is beyond the scope of this literature review and indeed not 
particularly necessary, as the aim here is to merely highlight the existence of such flow 
phenomena that are similar to battle-damage aerodynamics, and perhaps gain a broad 
understanding of their effects on the overall aerodynamic performance of the wing/aircraft. 
A comprehensive review of the early research programmes on boundary layer and flow 
control is provided by reference 42 which outlines, up until about 1960, the research carried 
out by the leading aeronautical nations at that time; namely Britain, Germany, France and 
the USA. It appears that the pioneer of boundary layer control was Germany's Professor 
Prandtl, whose early interest and research into the boundary layer, which at the time was an 
unknown quantity, culminated in a ground-breaking lecture in 1904 on the importance of 
the boundary layer for the motion of a fluid of very low friction. This lecture put the entire 
theory of fluid flow in a new light, as it provided a valid explanation for the large energy 
losses that were observed in practice, which up until that point had been unexplained. 
Professor Prandtl had already carried out several experiments on boundary layer control to 
demonstrate his theories, involving cylinders placed in a freestream. 
In one experiment, the boundary layer was removed from one side of the cylinder via 
suction which caused the flow to remain attached much longer on the side with suction, 
whereas on the side without suction the flow was seen to separate just beyond the extreme 
"hump" of the cylinder, thus resulting in an asymmetric wake. In a further experiment two 
counter-rotating cylinders were placed in a freestream, where the rotation of the cylinders 
caused the relative velocity between the oncoming flow and cylinder surface to vanish, 
resulting in a very small wake region behind the cylinders which significantly reduced the 
drag. Both these experiments demonstrated the important role played by the boundary layer 
and validated Professor Prandtl's boundary layer theory. Following on from Prandtl's early 
work, practical use of boundary layer control was utilized by Handley-Page in the UK in 
1921, who published results on slotted wings which had yielded lift coefficients much 
higher than what was known at the time. A similar arrangement was also proposed by 
Lachmann in Germany around the same time, where the slotted wings were found to give a 
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60% increase in CL,max compared with corresponding un-slotted wings. The slotted wing 
was found to be effectively a form of boundary layer control, where the jets of air that pass 
through the slots accelerated the boundary layer. The concept of the slotted wing was 
developed further by Prof. Baumann of Stuttgart, Germany, where he replaced the slots by 
a jet of air ejected from within the wing cavity by a special blower. The effects of this were 
found to be generally similar to those observed for slotted wings, although there was now a 
greater choice in the jet efflux velocity, consequently increasing or decreasing the effect on 
the boundary layer. With slotted wings on the other hand, the jet velocity could not be 
controlled as it was dependent upon the pressure differentials around the aerofoil. 
The fIrst instance of French research into boundary layer control through blowing appears 
to have been carried out in 1942 by Prof. Valensi at the Insitut de Mecanique des Fluides at 
Marseille, where compressed air at high pressure was blown out over a flap through a 
narrow slit. These experiments clearly demonstrated the much higher lift coefficients that 
could be achieved through boundary layer control (BLC) of a trailing edge flap via blowing. 
An investigation by Schwier looked into the effects of the slit width and also analyzed the 
effect of the coeffIcient of blown air volume CQ and the effect of the momentum coeffIcient 
C~ on the lift coeffIcient CL, for a particular Reynolds number and flap deflection, with CQ 
and C~ defIned as below. 
It was found that the width of the slit has a profound effect on the lift coeffIcient CL, 
particularly for the higher values of CQ. Also evident was that when CL was plotted as a 
function of CQ there was divergence with respect to the slit width, whereas when CL is 
plotted as a function of C~ all experimental points collapse onto a single curve, whose 
abrupt change in gradient allowed the value of C~ necessary to maintain attached flow to be 
detennined precisely. Further experiments on BLC of a flap was carried out at O.N.E.R.A 
III 1958, using a 20 aerofoil at two different Reynolds numbers of 2.5x106 and 1.5x106, 
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which looked into the influence of the size and location of the slit and of the chord and 
deflection of the flap. The results showed that as the flap deflection was increased, the 
critical value C"R (i.e. the value of momentum coefficient to ensure attached flow on flap) 
also increased in a manner that could be expressed empirically by the expression C~ R = 
O.0l5*tan~y, where ~v is the flap deflection angle. The experimental values were found to 
be in good agreement-yth the theoretical predictions for a flap in a perfect fluid. 
Preventing separation at the wing leading edge by blowing was studied simultaneously by 
Service Technique Aeronautique on a wing without a flap and by O.N .E.R.A at the Institut 
Aerotechnique of Saint Cyr on a wing with a conventional flap. Both cases revealed that 
blowing from a slit located at the leading edge enabled the lift curve to be extended to high 
angles of attack. Following on from this, the Breguet Company carried out a systematic 
study of an aerofoil of 6% thickness, suitable for high speed flight, with two slit positions; 
one discharging tangentially to the "lower contour of the wing nose", and the other on the 
upper surface, 2.1 % aft of the leading edge. In this case, the former configuration was 
found to delay the stall angle more effectively since the slot in the latter case was located aft 
of the separation point. This technique of blowing was found to be an interesting alternative 
to the classical methods of a front slat or a nose flap due to its simplicity of application; 
compressed air could be bled from the compressor into a tubular duct which forms the 
leading edge, which in addition could also be employed for anti-icing purposes by using 
hot air. The first full scale application of blowing on a complete aircraft model was carried 
out in 1947 by SNCA-SE at the Toulouse wind tunnel on a model of a twin-jet SE 2410 
"Grognard" aircraft where two separate slot configurations were investigated; blowing 
over the trailing edge flap (of 27% chord and extending over 50% of the semi-span) and at 
the knee of the nose flap (of 5% chord and extending over 75% of the semi-span). In both 
cases a significant increase in the lift curve was observed, whilst when the blowing at both 
the nose flap and the trailing edge flap were carried out simultaneously, there were further 
substantial enhancements to the lift curve. 
The first British experiments on boundary layer blowing (and suction) are said to have 
taken place around 1939 at the Royal Aircraft Establishment (R.A.E). However this early 
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research did not come into practical application, will 1st later research programmes in the 
immediate aftermath tended to concentrate more on boundary layer suction than on 
blowing. In the 1950' s there was some renewed interest in boundary layer blowing with a 
view to its use on fighter aircraft, although the real impetus for the resurrection of research 
into blowing came with the advent of the gas turbine engine, as it provided a readily 
available supply of compressed air which could be utilised for blowing. From 1953 
onwards there was an increased research effort on both the theoretical and practical 
investigation of boundary layer blowing. The early experiments at the R.A.E were carried 
out with low pressure (subsonic) shroud blowing** over various trailing edge flaps, but 
with much larger blowing momentum coefficients than what was subsequently employed 
in practice. Subsequent tests carried out in the 1950's yielded useful data, particularly on 
the effects of varying flap angle and flap span, although the blowing quantities required to 
prevent separation was found to be large. For correlation purposes a non-dimensional 
parameter was developed, referred to as the blowing momentum coefficient, C~= 
Mj*V/qo*S where Mj is the mass flow rate and Vj is the blowing velocity. This parameter is 
similar to that used by French researchers, discussed earlier. During this period 
experiments were carried out on a range of simple planforms and specific aircraft layouts 
over a variety of aspect ratios, leading and trailing edge sweeps, flap spans etc., for both 
shroud and knee blowing. Model tests also revealed that C~ values of 0.0 I, 0.02, 0.04 and 
0.07 were adequate for preventing flow separation at flap angles of 30°, 45°, 60° and 75° 
respectively for illnge-line sweeps up to 30°, leading edge sweeps up to 60° and flap chords 
up to 30% of the wing chord. Knee blowing was also found to be slightly better than shroud 
blowing for large flap angles, although the actual choice in practice tended to be governed 
by structural considerations. Full-scale flight tests had showed that, in broad terms, a 
reduction of I 0% in approach speed could be achieved with a compressor bleed of about 
10% or less, for naval-type landings. These investigations resulted in trailing edge flap 
blowing being incorporated in an early prototype and all production versions of the 
Supermarine Scimitar naval aircraft and on the Blackburn NA39 naval strike aircraft where 
** It should be noted that the term "shroud" blowing implies blowing tangentially over the 
trailing edge flap from a narrow slit located on then upper surface of the wing just ahead of 
the flap knee, willlst "knee" blowing implies that the slot is located in the flap knee instead. 
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blowing over the wing nose, trailing edge flaps and tailplane was employed. 
Whilst the above historical review provides a brief overview of the various boundary layer 
control techniques and their effect on tbe overall aerodynamic performance of a 
wing/aircraft, generally by plotting the lift curve, it also serves to highlight the fact tbat 
none of the early research into boundary layer control carried out any quantitative 
measurements of the induced flow field. 
2.7 Cavity Flow 
An additional area of research that is of some relevance to battle-damage research, notably 
in understanding the flow structure within the damage hole, is cavity flow aerodynamics. 
This is particularly true for the lower angles of attack, and especially for the 4° case where 
there is effectively no jet flow through the damage hole, but also for the two higher angles 
of attack where there is no jet flow through the front portion of the damage hole and hence 
the oncoming freestream flow passes over the hole akin to a cavity flow. Cavity flow is a 
vast and complex aerodynamic phenomenon in its own right and is of great significance as 
it alters tbe local aerodynamics, resulting not only in increased drag but also structural and 
acoustic problems from the high intensity tones that can be generated. Consequently it is an 
area that has been subject to a considerable amount of research during the past sixty or so 
years, precipitated chiefly by its applicability in weapons bay design and undercarriage bay 
design. Thus a comprehensive review of all its intricacies and characteristics is beyond the 
scope of this literature review. Nevertbeless, a good introduction of the fundamental flow 
features defining cavity flows are given in references 44 t046. 
The following summary of cavity flows, extracted from the above mentioned reference 44, 
is applicable to subsonic flows for rectangular planform cavities along their centreline. The 
implication is that the flow over the centreline is essentially two-dimensional (even for 
small width-to-depth ratios), and remains so for much of the width of the cavity, until the 
side walls are approached when additional three-dimensional complexities come into play. 
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Although the current battle-damage configuration produces a circular planform cavity it is 
anticipated that the fundamental flow features would be similar. 
Two main flow regimes have been observed for cavity flows, which have been termed open 
flow and closed flow, with a transitional flow regime in-between. Each regime is 
characterised by the flow pattern and the characteristic shape of the mean pressure 
distribution on the floor of the cavity along its centreline. Which of these two main flow 
regimes is set-up has been found to be largely governed by the length-to-depth ratio (i.e. l/h) 
of the cavity. 
2.7.1 Closed Flow 
When the cavity length is large in comparison to its depth (i.e. large l/h), the flow has been 
found to separate at the upstream wall edge of the cavity, before attaching to the cavity 
floor, and separating once more as it passes over the rear wall of the cavity, with a 
stagnation point near the top of this rear wall. Consequently two distinct re-circulating 
regions of flow are formed; one at the base of the upstream wall, and the second at the base 
of the downstream wall. An idealised sketch of the resulting flow patterns for closed flow at 
subsonic freestream velocities is shown in figure 2.12. 
Dividing streamline 
Stagnation point 
Impingement point Separation point 
Figure 2.12 (from Ref. 44). Closed flow at subsonic speeds 
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2.7.2 Open Flow 
When the cavity length is small in comparison to its depth (i.e. smalll/h), the flow has been 
found to separate at the front edge of the cavity, and then bridge the cavity with the dividing 
streamline ending in a stagnation point at or near the top of the rear wall. There is now a 
single, large re-circulating flow region within the cavity below the dividing streamline. An 
idealised sketch of the resulting flow patterns for open flow at subsonic freestream 
velocities is shown in figure 2.13. 
Separation point 
Dividing 
streamline 
Figure 2.13 (from Re! 44). Open flow at subsonic speeds 
2.7.3 Transitional Flow 
Stagnation point 
For a given cavity width and depth, as its length is progressively increased from zero, it has 
been found that there is a range of values of the length-to-depth ratio (I/h), over which the 
flow changes from an open flow to a closed flow. Within this region the flow is termed a 
transitional flow. For subsonic speeds this transition has been found to take place gradually, 
whereas for supersonic flows the transition has been found to be somewhat more complex, 
passing through two intermediate stages (termed transitional-open and transitional-closed) 
near the closed flow boundary. A more in-depth explanation of the resultant flow 
mechanics can be found in reference 44. 
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2.7.4 Variation in Floor Pressure Distribution 
The variation on the characteristic floor pressure distribution along the floor of the cavity, 
as the flow changes from an open flow to a closed flow is illustrated in figure 2.14 
(a) (c) (e) (f) 
c~~ c~~ c~~ c~~ 
0 xii 1 0 xII 1 0 xii 1 0 xii 1 
(b) (d) 
c~~ c~~ 
0 xii 1 0 xII 1 
I I IIh increasing Transitional Open ------+---====---t~---------- Closed 
Figure 2. 14. (jrom Re! 44) Characteristic floor pressure distribution shapes for subsonic speeds 
For open flows the surface pressure can be seen to be roughly uniform and close to zero, for 
a considerable extent (approximately 40-70%) of the cavity floor downstream of the front 
wall. Beyond this initial uniform region, the pressures can be seen to increase exponentially 
further along the cavity floor. The pressure distribution in this rear portion of the cavity has 
been described as having a "concave-up" shape. When the cavity geometry is varied such 
that the flow is now at the open-transitional flow boundary, the pressure distribution over 
the front portion of the cavity can be seen to be similar to the previous case, albeit the 
pressures now being even closer to zero (and becoming negative as the flow progresses 
further into the "transitional" regime). Additionally the extent of the uniform pressure 
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region is now significantly less, whilst the shape of the pressure distribution over the rear 
portion of the cavity begins changing from a "concave-up" to a "concave-down" shape. As 
the flow passes further into the transitional regime rear pressure distribution has a definite 
"concave-down" shape, whilst the forward pressures are now more negative. As the flow 
approaches the transitional-closed boundary, there is a distinct change in the shape of the 
pressure distribution with the pressures increasing steadily from small negative values near 
the front wall to large positive values just ahead of the rear wall, with the values of these 
pressures being roughly equivalent to the corresponding values found for closed flows. A 
key feature here is the inflection point in the pressure distribution at approximately the 
mid-height of the cavity. The flow is deemed as being a closed flow when this inflection 
point first occurs. Further increase in IIh causes the inflection point to initially stretch out 
into a plateau, whilst still further increase in llh causes a decrease in the pressure at the 
downstream edge of the plateau and an increase in the pressure at the rear wall to a 
maximum. This maximum value of pressure at the rear cavity wall was then found to 
remain roughly constant as the llh is increased though the closed flow regime. 
Further information on cavity flows pertaining to the induced drag, three-dimensional 
effects etc. can be found in references 45 & 46. 
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3. EXPERIMENTAL SETUP & 
TECHNIQUE 
3.1 Introduction 
This chapter describes the wind tunnel facilities used, the experimental setup and the 
measurement techniques employed. Measurement of the flow field around the damage 
hole necessitated a probe to be traversed three-dimensionally within the working 
section of the wind tunnel. As the wind tunnel used for the course of the investigation 
did not have such a facility, a major component of the research programme involved 
the design and implementation of an automated traverse mechanism, which is 
described later on in this chapter. 
3.2 Wind Tunnel Facilities 
The entire investigation was carried out in the Loughborough University, 
Aeronautical & Automotive Engineering department's low-turbulence wind tunnel. 
This particular tunnel was an "open-return" type wind tunnel with a working section 
of constant cross sectional area of 0.45m x 0.45m, and maximum working velocity of 
around 36m/s, corresponding to a Reynolds number of 5.0x \05 (based on the model 
chord of 0.2m). Turbulence levels within the working section had been estimated to 
be less than 0.1 %. Although the tunnel was relatively small for the size of model, 
Irwin had used the same tunnel and model chord, and through extensive testing, 
including comparisons with smaller models, he demonstrated that acceptable data 
could be achieved. The tunnel speed was governed by a dedicated control unit, which 
maintained a near constant dynamic head. The tunnel speed was measured by a pi tot-
static pressure probe, mounted within the working section upstream of the model, 
which was connected to a Setra pressure transducer. The pressure transducer voltages 
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Figure 3.1 - Elevation of low-turbulence wind tunnel, showing flat plate aerofoil mounted vertically on turntable with traverse mechanism on top DJ 
working section. 
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were converted into corresponding binary code via a dedicated 16-bit CIL Analogue-
to-Digital Converter (ADC). The Setra pressure transducer had a full scale deflection 
of ±5 volts whilst the ADC had a full scale deflection of ±32767 bits and a data 
sampling rate of 100 Hz. Thus the continuous analogue voltage outputs (within the ±5 
V range) from the pressure transducer were measured 100 times per second by the 
ADC and averaged out before being converted into a corresponding binary bit (within 
a ±32767 range) which was then fed into a PC to be decoded and read as Hmls" using 
a bespoke software programme. The entire loop was then repeated, thus allowing the 
tunnel wind speed to be continuously monitored. The ambient temperature was 
measured using a thermocouple, from which the analogue signal was converted by the 
ADC and fed into the PC to be decoded and read in Kelvins. As with the tunnel speed, 
the ambient temperature was also monitored continuously. The ambient pressure was 
measured using a digital barometer. Unlike the tunnel speed and temperature, this was 
not measured continuously. Instead, at the beginning of each test run the ambient 
pressure was taken from the barometric reading and entered into the data acquisition 
software as a user input. 
3.3 Flat Plate Aerofoil 
As the pressure differential is intrinsically linked to the circulation of the aerofoil, it is 
a function of several factors such as aerofoil geometry, camber, angle of attack etc. 
Thus, in order to simplify the analysis by eliminating the effects of camber, it was 
decided that flow measurements would be carried out using a flat plate, with an 
equivalent chord and thickness to the NACA 64,-412 aerofoil used previously by 
Irwin to allow a degree of compatibility. The flat plate incorporated an elliptical 
leading edge to prevent flow separation and the trailing edge was tapered to reduce 
the wake. This particular flat plate geometry is therefore an intermediate configuration 
between thin flat plates normally used in jets in crossflow investigations, and the 
NACA aerofoil used by Irwin 12 in his battle damage experiments. The coordinates 
outlining the profile of the flat plate aerofoil are given in table 3.1. 
54 
3. EXPERIMENTAL SETUP & TECHNIQUE 
Y -Axis ordinates (vie) 
X-axis station (xle) Upper Surface Lower Surface 
0.025 +0.038 -0.038 
0.05 +0.05025 -0.05025 
0.075 +0.0575 -0.0575 
0.1 +0.0615 -0.0615 
0.125 +0.0625 -0.0625 
0.15 +0.0625 -0.0625 
0.2 +0.0625 -0.0625 
0.25 +0.0625 -0.0625 
0.375 +0.0625 -0.0625 
0.5 +0.0625 -0.0625 
0.625 +0.0625 -0.0625 
0.65 +0.0625 -0.0625 
0.675 +0.0625 -0.0625 
0.7 +0.0625 -0.0625 
0.725 +0.0625 -0.0605 
0.75 +0.0625 -0.0565 
0.775 +0.0625 -0.0495 
0.8 +0.0625 -0.0395 
0.825 +0.0625 -0.027 
0.85 +0.0625 -0.014 
0.875 +0.0625 -0.0015 
0.9 +0.0625 +0.0115 
0.925 +0.0625 +0.02425 
0.95 +0.0625 +0.037 
0.975 +0.0625 +0.04975 
I +0.0625 +0.0625 
Table 3.1 - Ordinates outlining the profile of the flat plate aerofoil model, non-
dimensionalized with respect to the chord. 
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It was decided that initial flow field measurements should be carried out using the flat 
plate model set at an incidence of 120. The hole diameter was set at 40mm (i.e. 20% 
of the chord - 0.2e) and the hole centre was located at 60mm from the leading edge 
(i.e. 30% of the chord- - O.3e). This particular hole diameter and location were chosen 
to suit the model and the measurement technique used, and the rationale behind the 
decision was as follows; 
The relatively reduced pressure peaks that were expected to be produced by a flat 
plate (in comparison to a cambered aerofoil such as the NACA 64/-412 used by [rwin) 
were consequently expected to result in lower jet velocities through the damage hole. 
As a result it was decided that the hole diameter should be no larger than 40mm, to 
facilitate greater jet velocities so that both weak and strong jets could be investigated. 
The basic idea was that to have the damage hole so that its location and extent (size) 
encompassed the area of the model over which the pressure differentials were the 
greatest. Additionally the size of the damage hole in relation to the model chord 
needed to be representative of the actual hole diameter-to-wing chord ratios expected 
in real life. On the other hand having a hole size that was too small would reduce the 
number of measurement points across the hole exit plane, which was not ideal for 
presentation of results nor for calculating the jet velocities. The hole location was also 
crucial, and nceded to be as near as possible to the leading edge, to take advantage of 
the greater pressure peaks (and hence the greater pressure differentials expected) near 
the leading edge. However, the key objective of the research was to investigate the jet 
behaviour associated with a flat plate, and therefore the jet through the hole needed to 
be driven by the pressure differential of the flat plate. (As opposed to the pressure 
differential associated with the leading edge curvature) Consequently, having the hole 
too close to the leading edge would cause the pressure differential across the hole to 
be influenced by the large pressure peaks produced by the leading edge curvature. 
Therefore, it was decided to position the hole centre at 0.3e from the leading edge, as 
the forward edge of the hole was then sufficiently far away from the leading edge 
curvature, and thus free from interference from its pressure peaks. The size and 
location of the hole was justified by subsequent pressure tapping measurements of the 
undamaged model, which showed that the greatest pressure differentials (disregarding 
those around the leading edge curvature) occurred approximately over the area of the 
hole. 
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The leading edge of the model was covered by sandpaper, to produce roughness to 
trip the boundary layer. Without the roughness a laminar boundary layer was observed 
over most of the top surface, (from preliminary flow visualisation tests without any 
leading edge roughness) which subsequently separated when the incidence was 
increased to 12°, and as a consequence the jet flow through the hole could not be 
observed. This was undesirable, as the pressure differentials across the hole at 
incidences below 12°, were inadequate to produce ajet strong enough to be of any use 
for the investigation. (This was also confirmed by the preliminary flow visualisation 
tests without any leading edge roughness) By roughening the leading edge, the 
boundary layer was prematurely induced into transition from laminar to turbulent, 
which then stayed attached to the top surface at 12° of incidence. 
Further justification for the damage configuration chosen are outlined by Irwinl2 He 
had noted in his investigation that based on, (I.) existing military standards42-44, (2.) 
various studies into the types of damage typically sustained by combat aircraft45-5o, 
and (3.) with his private consultations with British Aerospace, the nature of the threat 
characteristics faced by combat aircraft were such that the damage configurations 
could be approximated as follows; 
Extent of penetration: Given the varying calibre and types of anti-aircraft artillery in 
use, the extent of penetration of ballistic damage can vary significantly. However, 
considering that modem combat aircraft consist of lightweight, thin wing structures, it 
can be safely assumed that most projectiles would pass straight through the wing 
giving a through hole. Through holes were believed to be the worst-case scenario, as 
it would disrupt the upper surface flow. 
Direction of attack (Injection angle): Once again this is a parameter that can vary 
significantly, although studies had shown that the most common directions of attack 
were from "ahead and below" and from "above and rear", and that the probability of 
the attack angle (in the range 0°_90°) was skewed towards higher angles. Coupled 
with the fact that modem aircraft wings tend to be quite thin, the difference in the 
chord wise location of the entry and exit holes, even for the lower attack angles, would 
be negligible, thus justifying having the damage-hole perpendicular to the chord. 
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Damage Shape: Although the damage shape can vary and be random, live-fire test 
studies has shown that the most common type of shape was approximately circular. 
Additionally the material of the wing-skin would have a further impact on the damage 
shape, with metallic skins resulting in the effect known as "petalling", whereby the 
edges of the hole undergo extensive cracking and deformation and protrude in the 
direction of the projectile (i.e. into the airflow at the exit hole) akin to the petals of a 
flower. This is a highly random effect, and its small scales making it even more 
difficult to re-produce accurately on models. In any case an investigation by Robinson 
and Leishmann 15, where serrations were attached to the perimeter of the hole to 
simulate petalling, showed that it's effect on the flow field were only secondary in 
nature and can be deemed insignificant. Furthermore, there is an increasing tendency 
for modern aircraft wings to be manufactured out of composite materials where 
petalling does not occur. Consequently simulating the damage as a smooth circular 
hole with no petalling is a valid approximation. 
Location of Damage: The nature of the threat is such that damage may occur at any 
point along the chord. However, surface-to-air live fire studies had showed that the 
probability of hit was greatest towards the leading edge. Although this is strictly only 
applicable to ground fire, with the air-to-air fire probably resulting in a greater 
probability of hits towards the trailing edge, Irwin discovered that the effects of the 
damage were found to be more significant when located towards the leading edge. 
3.4 Analysis of the Flow Field 
3.4.1 Flow Visualization 
Before proceeding with any pressure or velocity measurements of the flow field, 
surface flow visualisation tests were carried out on the flat plate model at several 
incidences. The main aims of these tests were to observe the flow structure, and also 
to determine if the flat plate model produced both a weak jet and a strong jet. 
The surface flow visualisation was carried out by using flow visualization "paint", 
made of a mixture of white Titanium Dioxide powder, Linseed Oil and Paraffin. The 
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paint was applied uniformly over the model surface and the tunnel was then 
immediately set to the required dynamic head and the paint was allowed to set. Photos 
of the resulting surface flow patterns were taken through the side viewing hatch, using 
a digital camera. The model had previously been painted black to provide a greater 
contrast for the flow visualization paint which was effectively white in colour. 
3.4.2 Measurement of the Surface Pressure Field 
Measurement of the surface static pressure field was carried out using five rows each 
of 47 chordwise pressure tappings around the upper and lower surfaces of the model. 
The rows were located at centre line of the damage and at 0.5r, 1.5r, 2.5r, and 5.0r 
from the centre line, where r was the radius of the damage. The tappings were 
connected to a Setra pressure transducer (range of ±250 mmH20 and full scale 
deflection of ±5 Volts) via a Scanivalve. The repeatability of the pressure tapping 
measurements were assessed and were generally found to be very good, which is 
discussed later on in the chapter. The pressure tappings were created by effectively 
laying a series of brass tubes parallel to the trailing edge along the chord wise length of 
the model at selected locations. Grooves were cut on the upper and lower surfaces of 
the model at these locations using a milling machine, which enabled the chordwise 
positions of the grooves to be located to a high degree of accuracy. The brass tubes 
were then laid within these grooves before being covered over with filler and the 
surface smoothed out. The first row of pressure tappings were then created by drilling 
a series of minute holes through the tubes along the centre span, once again using a 
milling machine, allowing a high level of positional accuracy. This was the first 
span wise row of pressure tappings. The brass tubing covered one half of the model 
and extended beyond the tip and through the tunnel floor. The free ends of the brass 
tubes were connected using flexible plastic tubes to the scanivalve. Once the pressure 
measurements had been completed at this span wise location, the tappings were filled 
out, and a new row of tappings created at the next spanwise position by drilling 
through the tubes as before. 
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3.4.3 Measurement of the Velocity Field 
Flow field velocity measurements were carried out usmg a miniature five hole 
pressure probe, where the diameter across the probe head was approximately 1.7mm. 
The probe was inserted into the working section through the top wall of the wind 
tunnel (figure 3.1). The probe had been previously calibrated over pitch and yaw 
ranges of ±36D with a nominal accuracy of ±ID. The probe was connected to five 
Fumess FC044 pressure transducers with a pressure range of ± I 00 mm H20. The 
accuracy of these transducers was measured and found to be such that the nominal 
error was within ±O.2% and a repeatability of ±O.2%. 
The probe was traversed around the flow field using a specially designed three-
dimensional traverse mechanism mounted above the wind tunnel. A significant 
amount of time and resources were invested in the design, manufacture and assembly 
of the traverse mechanism, as its accuracy and repeatability were crucial in extracting 
data to a high level of confidence. The traverse mechanism was designed to enable 
automated 2-D measurements in discrete planes perpendicular to the freestream flow 
direction (i.e. in the Y -Z plane). Two stepper motors were used to move the probe 
along the Y and Z axes. The stepper motors were linked to the PC via the CIL ADC 
unit, thus allowing the stepper motors to be remotely controlled using the Pc. Once 
measurements in a particular plane were completed, the probe was manually moved to 
the next measurement plane. The traverse mechanism was mounted on top of the wind 
tunnel as shown in figure 3.2. The probe was inserted into the working section 
through a sealed slot in the wind tunnel roof hatch. The hatch itself was made up of 
discrete panels of various widths, allowing a minimum stream wise movement of Smm. 
The positional accuracies of the traverse were measured to be ± I mm per 300mm 
stroke in the Z axis and ±O.Smm per SOmm stroke in the Y axis. The accuracy in the 
X axis (manual positioning in discrete steps) was measured at ±Imm. To eliminate 
backlash errors the probe was always traversed only in one direction in both the Y and 
Z axes, during measurements at a particular plane. The yaw angle of the five hole 
probe was measured using a rotary position sensor connected to the probe, which gave 
an analogue voltage output. The voltage output was converted to a digital signal via 
the ADC and fed into the PC, before being decoded into an angular measurement in 
degrees. 
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Figure 3.2 - Experimental setup, showing traverse mechanism with five hole probe, and the flat 
plate aerofoil model mounted vertically on a turntable inside the working section 
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3.5 Data Acquisition 
A schematic of the experimental setup and data acquisition process is illustrated in 
figure 3.3. Each of the five holes of the five hole probe were connected to the positive 
terminal of a Fumess FC044 type pressure transducer, whilst the reference pressure 
in each case was the static pressure taken from the pitot-static probe which was 
connected to the negative terminals. These transducers thus measured the pressures at 
a particular location, from each hole of the five hole probe, relative to the upstream 
static pressure. The total pressure port of the pitot-static probe was connected to the 
positive terminal of the sixth Setra pressure transducer with the negative terminal 
connected to the static pressure port, and thus measured the tunnel dynamic head. The 
outputs from all six transducers were then connected to the Alpha-A channel of the 
CIL ADC unit. The voltage output from the Rotary Position Sensor (RPS) was 
connected to a second Alpha-A channel whilst the Stepper motors were connected to 
two Alpha-S channels and the thermocouple to the Alpha-K channel. The Alpha-S 
channels were the only ones that allowed a two-way transfer of data between the PC 
and the ADC, effectively informing the userIPC of the current position of the probe 
and then obtaining data from the userIPC as to the next position. 
A bespoke QBasic software programme written specifically for the purposes of the 
project enabled the whole data acquisition process to be automated and remotely 
controlled via the Pc. Once the model was setup within the working section and the 
five hole probe positioned at it's first streamwise station, the wind tunnel was set to 
the required dynamic head and the user was asked to define the measurement grid in 
the Y -Z plane at that particular station. The software then controlled the data 
acquisition process by sequentially measuring the five hole probe pressures at each of 
the locations within the measurement grid as specified by the uscr. At each 
measurement location a settling time of 20 seconds was allowed, and measurements 
were taken over a time period of 10 seconds and averaged out by the software. The 
Alpha-A channel had a built-in data sampling frequency of 100 Hz, and thus prior to 
being processed by the PC software, the pressure signals from the transducers were 
measured 100 times per second, averaged, and then passed on to the PC at which 
point they were averaged out once more over the sampling time of 10 seconds. 
62 
Stepper motors 
controlling 
traverse 
movement in the 
Z- and y. axes 
....................... 
1 
t 
Pilot-Stallc 
Probe 
3 . EXPERIMENTAL SETUP & T ECHNIQUE 
. -. ..... 
-
Output signals from pressure transducers 
........ Input/Output slgnallO/from stepper motors 
- -~ Output signal from Rotary Position Sensor 
-. Output signal from Thermocouple 
-
Pressure pulses from Five Hole Probe 
.••• 1. ••••• h ••••••••••• , 
-
Reference (static) pressure pulse from 
Five Hole 
Probe 
Pilot·Static Probe 
-
Total pressure puis. from Pltot-5tatic: Probe 
~ Olgltallnputloutput signals tolfrom PC 
. -! - ~ - . - . - . - . - . - . - . - . -. ~ 
D PC D 
......... BOD 
- - - - - F--=-=-----'L~.~~=-, I ell Alpha - ADC unit 
" ) 
V 
I 
_0· 
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Due to the large number of data points measured over the course of the investigation, 
the amount of time taken at a single point needed to be kept to a minimum to maintain 
the overall measurement times within a feasible time frame. Consequently the 20 
seconds allowed as a probe settling time was, to an extent, a compromise between 
reaching a steady state value and keeping measurement times within reason. This 
period was established after some initial test measurements were made across the hole 
as shown in figures 3.4 to 3.7. The probe was initially placed over the hole centre and 
measurements taken over a time period of around I minute. The probe was then 
moved in a spanwise direction across the model and the process repeated at several 
locations. These test locations were chosen in order to maximise the changes in 
pressure between successive locations, as greater the changes in pressure the longer 
the settling time required would be. The greatest pressure changes occur when the 
probe is moved from the hole centre to the hole edge. As can be seen, in each case the 
pressures were found to reach an acceptable steady state value after around 20 
seconds. 
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Measured Dynamic Head vs. Time (Probe positioned at edge of hole) 
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Measured Dynamic Head vs. Time (Probe positioned 40mm from hole edge) 
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Figure 3.7 - Probe settling time (40mmfrom hole edge) 
Once the measurements at a particular point were completed, the mean pressures, 
along with the other test parameters such as ambient pressure and temperature, the 
tunnel dynamic head, data point location and probe orientation (i.e. yaw angle) were 
automatically printed on screen and also stored on to a data file by the software. Once 
the measurements within the entire grid at the first stream wise station was complete, 
the probe was manually moved to the next station and the process repeated as above. 
The data files thus created were post-processed to obtain the velocity vectors at each 
of the data points. 
3.6 Experimental Procedure 
The first step was aligning the five hole probe with the freestream. The probe was 
inserted into the working section and aligned in yaw by rotating the probe until the 
pressures in the side holes were equalised. Once this was established the probe was 
locked in place, and the RPS effectively "zeroed" by taking off any tare voltage 
values. A similar approach was adopted in aligning the probe in pitch, with the 
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pressures in the top and bottom holes equalised by adjusting the angle of the holding 
arm of the traverse mechanism. 
Next, the model was mounted vertically on the turntable, ensuring that it was truly 
vertical by means of a digital inclinometer. The turntable was then rotated to set the 
model at the required angle of attack and locked in place. The axis of the turn table 
had previously been aligned with the freestream direction using a symmetrical model, 
with pressure tappings at the same chord wise location on the upper and lower surfaces. 
This model was progressively rotated until the pressures on the two surface tappings 
were equalized. The axis of the model was then taken as aligned with the freestream, 
and marked on the tunnel floor. Subsequent angular rotations of the flat plate aerofoil 
were measured relative to this axis, using a graduated angular scale on the tunnel floor. 
The five hole probe was positioned at the first stream wise station and rotated (yawed) 
as appropriate. The most appropriate yaw angle for a particular station, in terms of the 
velocity vectors falling within the calibration range, was determined by a process of 
trial and error. The traverse was locked in place and the discrete panels that made up 
the top hatch were placed, and the side hatch was also placed in position. 
The data acquisition software was then activated. The ambient pressure before the 
start of each test run was read off a digital barometer and entered as a user input. The 
measurement grid was then defined and the pressure transducer tare values were 
recorded by the software. The probe was positioned at the first data point within the 
defined grid and the wind tunnel activated and set to the required dynamic head. From 
hereon, the data acquisition process was fully automated, controlled by the software. 
Measurements were taken over a period of 10 seconds at the first data point, the mean 
values calculated, which were then printed on to the screen and also stored in a data 
file unique to that particular test run. Subsequently the probe was moved to the next 
data point, allowed to settle for 20 seconds, and the measurements taken. This process 
was repeated for each data point defined within the measurement grid. Once the entire 
2-D grid had been surveyed, the probe was manually moved to the next streamwise 
station and entire data acquisition process repeated as new test run. 
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3.7 Repeatability Analysis 
The repeatability of the velocity field was assessed within a region of the flow field 
directly over the damage hole and the jet exit (figure 3.8), purposefully chosen to 
encompass the highly three dimensional and unsteady regions of flow, where the 
greatest repeatability errors were anticipated. Before carrying out any repeatability 
measurements, the entire experimental setup, including the traverse mechanism and 
the model was dismantled and subsequently re-assembled. Thus the resulting 
repeatability analysis accounted for any errors introduced during the setting up 
process of the experiment. The repeatability has been quantified as a percentage of 
data points within various tolerance limits and the results obtained with the flat plate 
model at an incidence of 12° are tabulated below (table 3.2). 
The tolerances shown above correspond to the difference in the non-dimensional 
velocity components at the same location between successive measurements. 
l.e., (Urn) (Urn) Tolerance(U rn) = - - -U DO Original Uoo Re peatability 
As the freestream velocity was generally around 36m/s, a tolerance of O. I corresponds 
to a velocity difference of around 3.6m/s between successive measurements, whilst 
tolerances of 0.05 and 0.02 correspond to velocity differences of 1.8m/s and O.72m/s 
respectively. As expected, measurement points with the larger tolerances (i.e. larger 
inaccuracies in repeatability) were concentrated in the highly 3D and unsteady regions 
of flow in the immediate vicinity of the damage hole. When the repeatability data 
obtained was filtered to only include those data points on the measurement plane 
farthest away from the model surface, thus avoiding the highly three dimensional and 
unsteady regions of the flow, the percentage of measurement points within the various 
tolerance bands were found to substantially increase as shown below in table 3.3. This 
provides an insight into the general repeatability of the experimental setup and of the 
wind tunnel, which is quite good. 
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Tolerance 
±O.I ±0.05 ±0.02 
Um 85% 71% 50% 
Velocity Vm 99% 97% 69% 
Component Wm 91% 77% 49% 
Utrue 87% 73% 51% 
Table 3.2 - Repeatability tolerances of the non-dimensionalised velocity field 
measurements for the damaged model at an angle of attack of 12" 
Tolerance 
±O.I ±0.05 ±0.02 
Um 98% 86% 66% 
Velocity Vm 100% 100% 62% 
Component Wm 100% 96% 71% 
V true 99% 91% 72% 
Table 3.3 - Repeatability tolerances of the non-dimensionalised velocity field 
measurements for the damaged model at an angle of attack of 12"- data points restricted to 
those on the measurement plane farthest away from the surface (i.e. Vc=O.12). 
Tolerance 
± 0.1 ±0.05 ±0.02 
Urn 100% 99% 96% 
Velocity Vm 100% 100% 99% 
Component Wm 100% 100% 100% 
V true 100% 99% 96% 
Table 3.4 - Repeatability tolerances of the non-dimensionalised velocity field 
measurements for the damaged model at an angle of attack of 4' 
69 
3. EXPERIMENTAL SETUP & TECHNIQUE 
To further reinforce the repeatability of the experimental technique, repeatability 
measurements were also carried out with the model at an angle of attack of +4°. At 
this incidence it was found that there is virtually no jet flow through the damage hole, 
with the flow along the model surface 'dipping' in and out of the hole, akin to a cavity 
flow. Thus, apart from very close to the surface near the damage hole, the majority of 
the flow field in this case is very similar to that around the undamaged 2D model. As 
the flow field in this case is two-dimensional and steady, except perhaps in the wake 
region behind the model, these measurements are a true reflection of the repeatability 
of the experimental setup and technique. The findings were very encouraging, as the 
repeatability tolerance of almost the entire flow field surveyed was found to be within 
±O.02 (i.e. a nominal inaccuracy of around O.72mfs) as shown in table 3.4. 
The repeatability of the pressure tapping measurements was also assessed by 
measuring the chordwise surface static pressures along the upper and lower surfaces 
in successive test runs. As previously, prior to each run the experimental set-up was 
completely dismantled and re-assembled which allowed the impact of errors 
introduced during the setting-up process to be analyzed, thus providing a true 
reflection of the pressure tapping repeatability of the experimental set-up and 
technique. The repeatability was found to be extremely good, as shown below in 
figure 3.9 for the undamaged model at an angle of attack of 12°. 
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upper and lower surfaces for the undamaged model at an angle of attack of 12" 
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4. FLOW FIELD ANALYSIS 
4.1 Preamble 
Due to the vast amount of data generated during the course of the investigation, the 
following discussion of the observed flow mechanics is categorized so as to maximize 
the ease of understanding. It should be noted that generally throughout this chapter, 
the results for the 12° angle of attack are discussed first, as the greatest changes to the 
flow structure and pressure field occurred at this angle, and also as it enables the best 
comparison with JICF results. 
The flow field measurements of velocities and surface static pressures were preceded 
by a flow visualization study of the surface of the damaged model and this is 
discussed first. The purpose of the flow visualization study was to ascertain two key 
points; (I) To obtain an initial impression of the flow field which was then used to 
compare and contrast against the subsequent flow field measurements and to aid the 
explanation of the flow structure, and, (2) To identify key flow characteristics which 
apart from giving some insight to the flow field also assisted in narrowing down areas 
of interest for the velocity field measurements. As the flow velocities are driven by 
changes in pressures, it is logical that the surface pressure field is discussed next. The 
surface pressures for the undamaged model are presented first followed by the 
changes induced in the pressure field due to the introduction of the damage hole. In 
each case, the effects of changing the angle of attack are also discussed before 
proceeding on to the next section. The observations of the pressure field provide an 
insight as to what might be expected of the velocities and thus provide a smooth 
transition to the next section; discussion of the velocity field. The velocity field data is 
presented and discussed using three different planes; x-z, x-y and y-z. Whilst each 
plane has its own distinct advantages in terms of highlighting some detail of the flow 
field that is unique to that particular plane, they also serve to reinforce and justify the 
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observations of the other planes. The changes to the flow field as the angle of attack is 
varied are discussed separately for each of the three planes, as this aids a smoother 
discussion and allows a more acute visualization of the effects of the angle of attack. 
The chapter concludes by combining the various sections to present a summary of the 
overall behaviour of the flow field around the flat plate aerofoil, as initially a damage 
hole is introduced followed by a change in the angle of attack. This is followed by a 
comparison between the flow field surrounding the damaged flat plate aerofoil and 
that induced by a jet issuing from a flat plate into a crossflow (from published results 
of previous JICF investigations, discussed previously in chapter 2). 
4.2 Surface Flow Visualization 
The flow visualization results showing the surface flow field induced by the damage, 
for angles of attack of + 12°, +8° and +4° are shown in figures 4.1, 4.2 and 4.3. 
At +12°, the surface flow resembles mostly a strong jet flow, although it is not exactly 
similar to that observed by Irwin. The flow here does not seem to be a fully developed 
strong jet but instead appears to be in transition from a weak jet to a strong jet. As 
already known, a key feature of strong jet flow is a large triangular region of reverse 
flow located downstream of the damage hole with its apex towards the damage hole 
and its base at the trailing edge, spanning between two strong contra rotating vortices. 
This region can be seen to develop in figure 4.1, where a small triangular region of 
reverse flow is created near the trailing edge and appears to feed up the centre line 
until almost up to the damage. This reverse flow region is comparatively much 
smaller in area than that observed by Irwin for the strong jet case, and notably without 
the two strong contra-rotating vortices at the trailing edge. Yet it is also distinctly 
different in terms of shape and size from the weak jet case, which merely serves to 
reinforce the theory that the flow structure seen here is indeed an intermediate 
between a weak jet and a strong jet. 
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Also evident are the centres of the two contra-rotating vortices along the rear edge of 
the damage hole. The vortices are displaced slightly away from the edge of the hole. 
Joining the two vortices is a separation line, which is the boundary between the jet 
and the previously described reverse flow, which indicates that upon exit, the jet 
expands slightly beyond the rear edge of the hole. On comparison with HCF these 
vortices are wider apart than expected for a weak jet, yet closer than those of a fully 
developed strong jet, lending further evidence to the transitional stage of the jet. 
\ 
( 
) 
() 
t 0 , 
J' 
0 
Figure 4.1 - Surface flow visualisation, at an angle of attack of 12° 
At the edge of the hole on either side, and slightly forward of the contra rotating 
vortices, is an area where the flow visualisation liquid has collected, which indicates 
the positions of the forward separation line of the oncoming freestream flow as it 
intersects the hole edge. This is in fact an area of notable difference between the flow 
structure observed here and that of a HCF strong jet flow. Unlike in JICF where the 
oncoming flow was found to separate before the upstream edge of the hole, in this 
case separation occurs well after the flow has passed the upstream edge. As the 
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separation of the oncoming flow is due to the obstruction presented by the jet, this 
suggests that for the flat plate model the jet exits only through the rear portion of the 
damage hole, and does not completely fill the hole. Also noticeable is the asymmetry 
of the flow structure. This is due to gravitational effects on the flow visualization 
paint, due to the vertical orientation of the model. The actual flow structure would be 
more or less symmetrical about the chord wise centerline of the damage. 
As the angle of attack is reduced to +8° (figure 4.2), the flow structure changes and 
closely resembles a weak jet flow. The large triangular region of reverse flow 
previously seen at the trailing edge has reduced to such an extent that it is no longer 
evident. Along the centerline extending from the separation line joining the contra-
rotating vortices to the trailing edge, is a narrow channel of reverse flow where the 
Figure 4.2 - Surface flow visualisation, at an angle of attack of If 
surface flow is flowing upstream towards the jet. The contra-rotating vortices at the 
rear edge of the damage hole can still be clearly seen although they are now closer 
together. The line joining these two vortices can still be seen as the jet expands and 
'spills' out upon exiting the damage hole. Once again, in contrast to Irwin's results for 
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the weak jet, the oncomIng flow can be seen to separate well after passing the 
upstream edge of the hole, although on this occasion the separation line has moved 
further towards the trailing edge as the jet exits from an even smaller region of the 
damage hole. This is probably due to a combination of the more adverse angles the 
flow (i.e. the streamlines forming the jet) is required to negotiate due to the reduced 
angle of attack, and also the lower pressure differentials expected over the damage. 
When the angle of attack is further reduced to +4° (Figure 4.3), there is a major 
change in the flow structure. Both the contra-rotating vortex pair and the separation 
line of the oncoming flow have completely disappeared. There is no jet flow through 
the damage hole and the oncoming flow appears to merely 'dip' in and out of the hole, 
akin to a cavity flow. As the freestream flows over the rear edge of the damage, a 
certain degree of separation occurs creating a wake, which can be seen to manifest 
itself on the flow visualization photograph as a slightly darker region extending from 
the rear of the damage hole to the trailing edge. 
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Figure 4.3 - Surface flow visualization, at an angle of attack of 4' 
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4.3 The Surface Pressure Field of the Undamaged Model 
The Cp variations around the centerline for the undamaged flat plate aerofoil at all 
angles of attack are illustrated in figure 4.4. At + 12° the entire upper surface is acted 
upon by negative CP's (suction) with a particularly large suction peak located around 
the leading edge. The lower surface is primarily acted upon by positive Cp's, with a 
weak suction pressure region located towards trailing edge of the aerofoil. As the 
incidence is progressively reduced the negative static pressures on the upper surface 
reduce in intensity, whilst the leading edge suction peak is also reduced in both 
strength and extent. On the lower surface, the static pressure curve is basically shifted 
upwards such that the positive pressure region acting on the front portion of the 
aerofoil gradually reduces as it retracts towards the leading edge, whilst 
simultaneously the negative pressure region on the rear grows towards the leading 
edge. At +40 this negative pressure region on the lower surface has grown to such an 
extent that the entire lower surface is now acted upon by negative suction pressures. 
The peak in the lower surface pressure distribution, located around .vc=O.75 (which 
coincides with the location of the kink), is due to flow accelerating around the kink on 
the bottom surface of the aerofoil. This effect is more pronounced at the lower angles 
of attack, as illustrated in figure 4.5. The lack of pressure data around the leading edge 
is because the leading edge roughness did not allow any pressure tappings to be 
located in this area. Nevertheless as the area of interest, as far as the effects of the 
damage hole are concerned, is further towards the trailing edge (the hole centre was at 
O.3c), the lack of pressure data around the leading edge was not a major concern. 
The overall effect of the static pressure distribution at an angle of attack of +4°, which 
can be approximately calculated by integrating the pressures on the upper and lower 
surfaces, is a near zero-lift condition. In fact by inspection it can be seen that the 
pressure differential between the upper and lower surface, over the area where the 
damage hole would be located (along the centerline this is between .vc=O.2 and 
.vc=O.4) is negligible. This is an interesting revelation with significant implications. 
Given that the jet velocity is thought to be driven by the pressure differential between 
the upper and lower surfaces, this implies that when the model is damaged at this 
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incidence there would be no jet flow through the damage hole. This is confirmed in 
figures 4.6 to 4.8 which shows plots of d[CpJ contours over the aerofoil surface at all 
incidences, where d[CpJ is the pressure differential between the upper and lower 
surface, and has been calculated as follows. 
d [C p 1 = (C p ) Upp"s.,,,,,, - (C P ) La""S.,a" 
At + 12° the pressure differential over the area where the damage hole would be 
located is highly negative. Thus when the damage is present, such a highly negative 
pressure differential would tend to induce the flow over the lower surface to pass 
through the damage hole and exit from the upper surface, giving rise to the jet. 
However as the angle of attack is reduced the pressure differential between the upper 
and lower surface decreases (i.e. becomes less negative), which would consequently 
result in lower jet velocities. At +4° the pressure differential has reduced to such an 
extent that it is negligible. Consequently, as predicted, there is no jet flow through the 
damage hole at this incidence. This will be seen later on in the discussion. 
Also noticeable from these plots, is that at + 12° and +8° there is a negative pressure 
differential over the entire area of where the damage holes would be located. In fact 
the pressure differentials over the front (upstream) portion of the damage hole 
locations are more negative than those at the rear. (Figures 4.6 & 4.7) For example at 
+ 12° the pressure differential at the front edge of the hole is -lA whereas at the rear 
(downstream) edge it is -0.8. Corresponding values for the 8° case are -0.8 at the front 
edge and -004 at the rear edge. This is a crucial observation as it implies that the 
pressure differentials present at these incidences would result in a jet flow that 
occupies the entire volume of the damage hole, with the jet velocities in the front part 
of the jet being greater than those at the rear. However in reality, as will be shown 
later on in the discussion, the jet exits only through the rear part of the damage hole. 
Although this is in stark contrast to what was expected from the pressure differentials 
the most probable cause is that, as the flow enters the damage hole from the lower 
surface it separates at the upstream edge of the hole, as it would be unable to negotiate 
the sharp angles required in order to occupy the entire hole, and in particular the front 
portion. This is illustrated in figure 4.9. 
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Consequently the jet would exit through the rear of the damage hole, whilst the front 
portion is most likely to be occupied either by wake eddies or a re-circulating bubble 
or both. However this is merely the author's interpretation of the most likely flow 
mechanisms within the damage hole, as at present there is no firm evidence to justify 
these hypotheses. Efforts at gaining some understanding of what is happening within 
the hole by using a five-hOle-probe proved inconclusive'. 
0=+12° 
~ ~OOD 
.... _ ... 
The flow is now able to negotiate the kink 
due to the more favourable pressure 
gradient present, and accelerates around 
the kink causing higher suction pressures. 
Flow cannot negotiate the adverse 
pressure gradient and hence 
separates at the lower surface kink. 
The acceleration of flow around the 
kink is therefore significantly less 
compared to the 40 case below . 
Figure 4.5 - Effect of the bottom surface kink on localised flow acceleration 
* The five-hole-probe was used in an effort to measure velocities within the damage hole. However, 
due to the orientation of the experimental set-up, the distance that the five-hole-probe could be inserted 
into the hole was highly restricted and only a limited depth could be covered. Also due to the thickness 
of its stem, the probe had to be yawed by a large angle in order to position the head within the damage-
hole, whilst maintaining sufficient clearance between the stern and the aerofoil surface. This probably 
exacerbated the flow angularities relative to the probe, resulting in a large percentage of the data points 
falling outside the calibration limits. 
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Figure.4.9 -Illustration of authors' interpretation of the likely flow structure within 
the damage-hole. 
4.4 Pressure Field Induced by the Damage Hole 
Figure 4.10 shows the chord wise variation in the pressure coefficient around the upper 
and lower surface of the model along its centerline, for all angles of attack. In 
comparison to the undamaged model it can be seen, particularly for the +12° and +8° 
case, that the damage has induced greater suction pressures (negative CP's) just aft of 
the damage hole whilst the intensity of the suction pressures upstream of the damage 
have reduced. The effect on the lower surface is predominantly an increase in the 
suction pressures aft of the damage, towards the trailing edge, particularly around the 
kink in the lower surface profile. The overall changes induced on the remainder of 
the upper surface pressure field is vividly illustrated in figures 4.11, 4.12 and 4.13, 
which show the L\Cp measurements at angles of attack of + 12°, +8° and +40 
respectively, where L\Cp is the upper surface pressure differential between the 
damaged and the undamaged model and has been calculated as follows; 
!le p = le PUPJU'S~if"U tamaged -le PUPP<".~"if""~ lndamagd 
At 12° the jet flow exiting from the damage flow induces significant pressures on the 
upper surface. The general trends are similar to those observed by Irwin and also other 
investigations into JlCF, with the main differences being in the magnitude and extent 
of the induced pressures. 
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A region of positive induced pressure can be seen ahead of the damage hole (Region I 
- figure 4.11). This is consistent with the retardation of the oncoming freestream flow 
as it approaches the jet, resulting in increased static pressures. The extent of this 
positive region however differs from observations of JICF, where the positive 
pressure region is found to end at the forward edge of the hole/jet. In this case, the 
positive pressure region can be seen to extend beyond the forward edge and over the 
front part of the damage hole. This is because the jet flow, as seen from the flow 
visualization study, is confined to the rear part of the damage hole. Consequently, the 
region immediately upstream of the jet flow, which in this case encompasses the front 
half of the damage hole, is subjected to a retardation of the oncoming freestream flow 
and hence positive induced pressures. The positive pressure contours increase in 
magnitude closer to the jet, as the deceleration of the freestream flow becomes 
greater. The greatest positive pressures are located towards the centerline of the 
damage hole, where the blockage effect of the exiting jet is greatest. 
Immediately aft of the damage hole is a region of negative induced pressure (Region 2 
- figure 4.11). This region corresponds to the wake region in the leeward side of the 
jet, where it is thought that reverse flow occurs. It is believed that the surrounding 
flow from either side of the wake region is turned inwards towards the centerline and 
then entrained into the jet flow, causing reverse flow towards the jet. Thus, it is 
possible that the negative induced pressures within the wake region are caused as the 
reverse flow accelerates towards the jet. However, there are other mechanisms which 
could induce such negative pressures, such as the secondary contra-rotating vortices at 
the rear edge of the damage hole and the bound vortex pair thought to be attached to 
the lee of the jet, both of which act to entrain the surrounding flow into the wake 
region. Further investigation of this wake region is needed to provide conclusive 
evidence, but the most likely scenario is that the negative pressures are induced due to 
a combination of these flow mechanisms. The negative pressure region behind the 
damage hole can be seen to extend laterally in a span wise direction up to 
approximatelyl.5 hole diameters from the centerline (Region 3 - figure 4.11). This is 
caused by the freestream flow accelerating around the jet, lending some evidence 
towards the width of the jet. 
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When the angle of attack is reduced to +8° there is marked change in the induced 
pressures. (Figure 4.12) Whilst there is still a positive region upstream of the jet and a 
negative region in the wake region, the magnitude and extent of these regions have 
reduced significantly. The positive pressures ahead of the jet at corresponding 
locations are lower than those at + 12°. Similarly the negative pressures in the wake 
region have been confined to a core extending to approximately I hole diameter 
immediately aft of the hole edge, whereas previously this region extended to 
approximately 2 jet diameters. This is most likely due to the much lower jet velocities 
expected at +8°, causing the jet to be completely bent over by the freestream flow 
almost immediately after exiting the damage hole. Despite the change in angle of 
attack, the jet still appears to be exiting the hole from approximately the same position 
as previously, based on the 0 c,.Cp contour located just downstream of the hole center, 
which can be used as an approximate guide to the upstream boundary of the jet at the 
plane of the damage hole. However, the 0 c,.Cp contour should be used with caution 
for this purpose, as the Irwin' s pressure measurements indicated a 0 c,.Cp contour line 
downstream of the damage hole, in addition to that at the jetlfreestream interface. But 
on the other hand JICF results indicate that the c,.Cp = 0 contour line moves 
downstream as the jet velocity decreases, in a similar manner to what has been 
observed here. Nevertheless, the spanwise extension of the negative pressure contours 
aft of the hole/jet exit, is much less, indicating the lesser width of the jet. As before, 
these negative contours are believed to result from the acceleration of the freestream 
flow around the jet. 
As the angle of attack is reduced further to +40 (Figure 4.13), the pressure field 
changes drastically from the two previous cases. In fact, the majority of the upper 
surface is dominated by 0 c,.Cp contours; i.e. there is no change in the upper surface 
pressure field relative to the undamaged case, which indicates that the jet flow 
through the damage hole is negligible. The oncoming flow merely passes over the flat 
plate aerofoil, as if it were undamaged. This is consistent with velocity measurements, 
where the velocity vectors were found to pass straight over the damage hole with 
negligible angularity, as will be presented later. The isolated regions of very small 
negative induced pressures are likely to be due to experimental errors. 
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4.5 The Velocity Field Induced by the Damage Hole 
4.5.1 The Flow Field in the x-z Plane 
Figures 4.14, 4.15 & 4.16 are plots of U- W velocity vectors and U,,"' velocity 
contours at incidences of +12°, +8° & +40 respectively. The U-W vectors illustrate the 
flow angularities, in particular the penetration of the jet and the mutual deflection of 
the jet and the freestream, whilst the U"u, contours are indicative of the flow 
accelerations. 
At an angle of attack of + 12° (figure 4.14) the jet flow can be clearly seen penetrating 
into the freestream flow. However, the jet does not completely fill the damage hole 
and is confined to the rearmost portion (i.e. between xlc = 0.35 to 0.4), which 
confirms the observations of the flow visualization study. The jet begins to bend over 
soon as it exits the damage hole, but has enough momentum to penetrate a fair 
distance into the freestream before it is fully bent over and dissipates. The penetration 
distance into the freestream (away from the surface) is approximately I hole diameter 
near the trailing edge. 
The precise size and shape of the jet is very ambiguous as the exact boundary between 
the jet and the freestream flow is difficult to distinguish, particularly when the jet 
velocity is relatively low or comparable to the freestream velocity. From previous 
investigations of JICF it has been found that the jet begins to dissipate immediately 
upon exiting the hole, and in this case has appeared to dissipate almost completely 
into the freestream at the trailing edge. This can be seen more clearly in the x-y data 
plots presented later on. 
There are two regions of zero velocity (white contours) upstream and downstream of 
the jet exit. These regions represent a 'hole' in the data, where the actual velocities 
were outside the calibration of the five hole probe. The smaller region immediately 
upstream of the jet exit is believed to be due the oncoming flow bending around the 
jet in a lateral (spanwise) direction, resulting in large flow angles outside the probe 
calibration. The much larger region downstream of the jet exit (and underneath the 
jet) is believed to be due to a highly 3-D and unsteady region of flow with large 
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angularities, with a secondary zone of reverse flow concentrated near the downstream 
edge of the damage hole. This reverse flow is induced by the two contra-rotating 
bound vortices believed to be attached to underside of the jet. (Although the contra-
rotating bound vortices have not been identified exactly during this research, there is 
some evidence to suggest that they do exist, which will be discussed later. 
Additionally, other investigations of jets in cross flows have identified them as being a 
key feature of this type of flow mechanism.) The reverse flow region is formed as the 
contra-rotating vortices entrain the surrounding flow towards the centerline, which 
then flows upstream along the surface and gets entrained by the jet before flowing 
downstream with the jet. 
The jet-to-freestream velocity ratio R (R= VjUoo) for this angle of attack depends 
largely on the definition of the jet velocity, which is a difficult task as the limited data 
in the exit plane prevents the clear identification of the jet boundary. The problem is 
compounded by the fact that the jet does not completely fill the damage hole at the 
exit plane, and is limited to the rearmost portion of the hole, giving it a highly 
irregular shape. 
Normally in JICF investigations, the jet fills out the entire hole and is not limited to 
part of the hole as found here. Also, in almost all JICF investigations, the jet velocity 
can be set independently of the freestream velocity and therefore has a very flat 
velocity profile, as seen in laminar pipe flows. (i.e. the velocity at the edge of the jet is 
close to the velocity at the centre of the jet.) In such cases, the jet velocity can be 
easily defined by taking the average velocity across the exit plane, as the average will 
not differ greatly from the peak velocity at the centre, or from the lower velocities at 
the edges of the hole. Other researchers have used different definitions of the velocity 
ratio to counteract anomalies, such as when the velocity profile of the jet tends to be 
'peaky' where the difference between the centre velocity and the velocity at the edge 
becomes significant. A common derivative of the velocity ratio in such cases is to 
calculate the jet-to-freestream momentum flux ratio. However, even this method 
requires an exact definition of the jet boundary. Thus, calculating the velocity ratio R 
is a contentious area of the current research, as it is one that cannot be done with a 
great deal of accuracy given the limitations of the measurement technique employed. 
An approximate method that could be used here, is to assume that the maximum 
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velocity within the jet (maximum U,,~ vector) as being representative of the actual jet 
velocity. Using this method, the jet-to-freestream velocity R at an angle of attack of 
+ 12° is 1.16. It should be noted however, that in reality, the actual velocity ratio will 
obviously be lower. 
Assuming that this is the actual velocity ratio (or if the actual velocity ratio is close to 
this value), then according to the definitions adopted by previous researchers, 
including Irwin and Andreapolous, the flow mechanism present here is that due to a 
strong jet. They have concluded that a weak jet flow is present up until a velocity ratio 
of about 0.5 and for velocity ratios greater than 0.5 a strong jet flow is found. 
However, whilst the flow characteristics observed here have several similarities to 
those found in strong jet flows by previous researchers, there are also marked 
differences. For example a key feature of a strong jet flow is the penetration of the jet 
into the freestream, which is evident in this case, whereas another key feature is the 
horse-shoe vortex like forward separation line, which, as will be seen later in the 
discussion, is not evident here. 
When the angle of attack is reduced to +8° (figure 4.15), there is a distinct change in 
the flow structure. The penetration of the jet into the freestream is much less, and in 
fact the jet is almost completely bent over as soon as it exits the damage hole. 
Consequently, the wake region downstream of and underneath the jet is also 
significantly smaller than the previous case. Additionally, the jet appears to be exiting 
at a lower injection angle (i.e. the angle between the jet and the model surface at the 
exit plane) than the previous case. This is partly a reflection of the angle of attack of 
the flat plate, as a higher angle of attack would naturally cause a higher injection 
angle. Nevertheless, as demonstrated by Margasson21 the penetration of the jet is not 
related to the injection angle, but instead dependant upon the velocity ratio, with 
higher velocity ratios resulting in greater penetration (Refer chapter 2). Therefore the 
increased penetration seen at 12° is in all probability not a function of the injection 
angle, but instead a characteristic of the greater strength of the jet. 
Once again there is a lack of data immediately in front of the jet (white U,rue contours) 
which, as before, is most likely due to the oncoming flow bending laterally around the 
exiting jet. At this incidence this region is much smaller than previously, a 
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consequence of the smaller and weaker jet. The jet also appears to dissipate into the 
freestream faster than the previous case, and can be seen to have dissipated 
completely at around x/c=0.75 
Although the flow features at this incidence suggest a weak-jet behaviour, the 
calculated velocity ratio (using the maximum jet velocity as the actual jet velocity) for 
this case is 1.04. As a weak jet flow has been defined as one where the velocity ratio 
is less than 0.5, the flow occurring here at gO is not a weak-jet flow according to this 
definition. This contradiction is probably indicative of the inadequacy of defining the 
velocity ratio by simply using the maximum jet velocity, and thus a more robust 
method is needed to define an effective velocity ratio. 
When the velocity ratios were determined using the average velocity for each case, 
the results were even more inconclusive. The velocity ratios were still quite similar, 
although now the go case was found to be slightly greater, with R=0.96 at 12° and 
R= 1.05 at go. Clearly, the velocity ratio is not a suitable characteristic for defining the 
flow field in the case of battle damage. A more suitable factor was found to be the 
mass flow rate ratio, which accounted for the greater area occupied by the jet at the 
higher angle of incidence. Defining the mass flow rate ratio as, 
it = PjAJ (V,ro,) j j 
/ p_A_U_ 
it was calculated to be 5.93xl0-4 for the 12° case and 3.ggxl0-4 for the gO case, with 
the freestream area being the cross-sectional area of the working section. However, 
this definition has the distinct disadvantage that if the same model with the same 
damage configuration was tested in a wind tunnel of different dimensions, the 
resulting mass flow rate ratios would be different. Thus a more logical approach is to 
base the freestream mass flow rate on the square of the model chord. When the 
revised mass flow rate ratio is defined as, 
it =pjAJ(U,ro,)jj 2 /p_c U_ 
the resulting ratios for the 12° and go cases were 3.003xlO,3 and 1.962xlO,3 
respectively. The ratio between M for the two incidences (i.e. M "=12/ M "=8), which 
is indicative of the relative strength of the overall mass flow of one jet with respect to 
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the other, is 1.53; which is more representative of the observed flow fields. Further 
insight into the influence of the mass flow properties of the jet on the induced flow 
field was gained by calculating the vertical mass flow rate, using the vertical (normal 
to model surface) W- component of the jet velocities. i.e., 
Thus M IV at an incidence of 12° was found to be 2.488x 10.3 and at 8° was 1.275x 10-3 
The ratio of the vertical mass flow (i.e. M w. 0=121 M w.o=8) for the two incidences was 
found to be 1.95. Thus the vertical mass flow at an incidence of 12° is significantly 
greater than overall mass flow, with respect to the flow at 8°. This is potentially an 
important revelation, as it could be the vertical mass flow component that governs the 
induced flow field, and is an area that warrants further investigation. 
When the incidence is further reduced to +40 (figure 4.16), the flow is almost identical 
to that over an undamaged flat plate. There is no jet flow through the damage hole. 
This is expected, as the pressure plots at this incidence (figure 4.13) revealed that the 
upper surface is dominated by 0 ~Cp contours indicating the similarity of the flow to 
that of the undamaged model. 
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4.5.2 The Flow Field in the x-y Plane 
Figures 4.17 to 4.25 show plots of U- V velocity vectors superimposed on Ut"" 
contours in the x-y plane (parallel to the surface of the model) at increasing distances 
away from the surface, at an angle of attack of 12°. The U- V vectors illustrate the flow 
angularities, in particular the lateral deflection and entrainment of the freestream flow, 
whilst the U,,"' contours are indicative of the flow accelerations. 
From the x-y plane at z/c=0.025 (5mm away from the surface - figure 4.17), the most 
obvious feature is the large region of 0 m/s Ut"" contours (white contours) where there 
is a lack of data due to limitations in the probe calibration. This region can be split 
into two, a large region immediately aft of the hole and a much smaller region in front 
of the jet exit within the hole, corresponding to those observed previously from the 
velocity measurements in the x-z plane. For ease of explanation these regions from 
hereon shall be referred to as 'null-data' regions. 
Although these regions are due to limitations of the measurement technique, they 
nevertheless reveal certain flow characteristics. From prior knowledge of the expected 
flow structure from nCF work combined with the pressures obtained from the five 
hole probe and a little bit of intuition, the nature of the flow within these regions can 
be predicted to a certain extent. 
The first 'null-data' region within the damage hole, immediately upstream of the 
exiting jet, is believed to be a result of the flow angularities falling outside the probe 
pitch calibration. This can in fact be confirmed by plotting the five hole probe 
pressures measured within this region on the calibration map for the probe, which 
shows the flow vectors to be highly pitched at extreme angles relative to the probe. 
Since the pitch angles relative to the probe correspond to yaw angles relative to the 
model, the flow within this 'null-data' region is highly yawed. This is as expected and 
is due to the oncoming flow bending rapidly in a lateral direction, around the exiting 
jet. 
The second 'null-data' region is located immediately aft of the damage hole and is 
much larger in size than the first, extending right up to the trailing edge. It is a well 
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known from lrwin's work and HeF research that a highly 3-D flow region, with 
reverse flow, is created in the wake of the jet. Although there is no conclusive 
evidence towards the existence of such a region here, it is logical to presume that this 
'null-data' region is in fact a similar region. As the five hole probe has not measured 
any velocity vectors within this region, it can be concluded that all these vectors are 
either highly yawed or pitched, or both, so that they are beyond the calibration limits 
of the probe. Such extreme pitch and/or yaw angles can be explained as follows. It is 
thought, based on existing researchI2.22.25, that there is a pair of contra-rotating bound 
vortices attached to the underside of the jet. These vortices act to entrain the 
surrounding freestream flow towards the centerline and into the wake region. 
Evidence of this is given by the velocity vectors along the edge of the reverse flow 
region, which can be seen angled inwards towards the centerline. Once the flow has 
entered this region it proceeds to flow upstream (i.e. reverse flow) towards the highly 
negative pressure region located just aft of the jet exit (figure 4.17), before becoming 
entrained by the jet and flowing downstream with it. Such a flow regime would 
obviously result in velocity vectors with high pitch and/or yaw angles, beyond the 
calibration of the probe. The mechanism that causes this reverse flow is not 
immediately obvious, although it is likely to be either due to the suction region near 
the hole edge or the entrainment effect of the jet, or a combination of both. 
The length of this second 'null-data' region is proportional and thus indicative of the 
penetration of the jet. If the jet had been attached to the surface, or had completely 
bent over, or if it had dissipated, the reverse flow region itself would disappear as it 
can only exist within the wake region in the lee of the jet. Therefore at this stage the 
jet is still penetrating into the freestream and is clearly not attached to the surface, as 
the reverse flow region extends all the way to the trailing edge, confirming the 
previous observation from figure 4.14. However the width of the reverse flow region 
can be seen to reduce as the trailing edge is approached, which indicates that the jet 
and its associated vorticity are beginning to dissipate. 
The influence of the jet is fairly localized with the flow directly in its wake being the 
most affected. The zone of influence of the jet can be seen to extend laterally 
(spanwise) from the centerline to about approximately I hole diameter away and 
longitudinally (streamwise) from around the leading edge of the damage hole to well 
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past the trailing edge. Its influence on the flow towards the tips of the aerofoil (i.e. at y 
> Id) is negligible. In this region, the flow passes straight over the surface with 
negligible angularity. The only significant difference (when compared to the 
undamaged case) is the acceleration of the surrounding freestream flow as it passes 
the damage hole, due to the blockage effect caused by the jet and its wake. (See figure 
4.17) There is some ambiguity as to the degree of blockage (and hence acceleration) 
that is caused purely by the jet and that caused due to the presence of the wind tunnel 
walls. This is difficult to quantify without further experimentation, although the 
likelihood is that the blockage effect of the jet on its own causes a localized region of 
accelerated flow close to the damage hole. 
As the viewing plane moves further away from the surface (figures 4.18 to 4.25), the 
two 'null-data' regions were seen to separate and the aft region (reverse flow region) 
can be seen to reduce in size whilst simultaneously moving away from the rear edge 
of the damage hole. The reduction in size and movement away from the hole edge 
shows the gradual bending of the jet by the freestream flow, which correlates well 
with the observations of figure 4.14. 
At a distance of approximately 20mm away from the surface (figure 4.20) the first 
'null-data' region (i.e. within the hole, upstream of the jet) has completely 
disappeared. At this distance the jet is heavily bent over, and consequently the 
oncoming flow bends around the jet gradually, resulting in much lower flow 
angularities which fall within the calibration of the probe. The slightly yawed vectors 
just before the reverse flow region are evidence of the gradual bending of the 
oncoming flow. 
Further away, at approximately 40mm from the surface (figure 4.23), the second 
'null-data' region (reverse flow region) has also disappeared which suggests that the 
jet has been almost completely bent over by the freestream and has begun to dissipate. 
In fact the jet can now be seen as an area of diminished velocity, extending from 
about xlc =0.65 to well beyond the trailing edge at xlc= 1.25. At z!c=0.25 
(approximately 50mm from the surface - figure 4.24) the diminished velocity region 
has moved further downstream and its central core has also increased in magnitude, as 
the jet continues disperse and bend over. At z!c=O.3 (approximately 60mm from the 
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surface - figure 4.25), the only evidence of the jet is the area of diminished velocity 
just aft of the trailing edge as the jet at this stage passes over the trailing edge, with 
the remaining flow over the model closely resembling that of the undamaged model. 
The jet velocities in these planes are significantly lower than the surrounding flow in 
the immediate vicinity and also lower than the freestream flow far upstream of the 
model, thus confirming the observations of figure 4.14. 
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Figure 4.17 - x-y data plot oJ U- V velocity vectors alld Um., velocity contours, at 
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Figure 4.18 - x-y data plot of u-V velocity vectors and U"'" velocity cOlltours, at 
zJc'().OS from the model surface. A llgle of attack = +12' 
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Figure 4./9 - x-y data pLot of u- V velocity vectors al/d U "'" veLocity COl/tours, at 
l/c"(J.075 from the modeL surface. Angle of allack = +12" 
106 
4. FLow FIELD ANALYSIS 
FLA1PUTE.~"""2 ACU U ...... Uoctrf ... EcfOfls, dl HOoc_ 'V HOI.£P1IOBEDU4 
1.3 
t 
1.2 
REFERENCE VECTOR, 40 mls 
1.1 
TRAILING EDGE 
50 0.9 
48 
46 
44 
42 0.8 
40 
38 
36 
34 0.7 
32 u 
30 >< 
28 
26 0.6 
24 
22 I I I 
20 I I I 
18 0.5 
16 
14 
12 0.4 
10 
B 
6 
4 0.3 
2 
0 
0.2 
LE ROUGHNESS 
0.1 o ·0 .1 -0.2 -0.3 -0.4 
le 
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Figure 4.21 - x-y data plot of u- V velocity vectors alld U ~., velocity COli tours, at 
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Figure 4.22 - x-y data plot of u- V velocity vectors and U"'" velocity contours, at 
Vc.,(J.J 5 from the model surface. Angle of attack = +12" 
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Figure 4.23 - x-y dala plol of u-V velocity veclors and U".. velocily cOlllours, at z/c..().2 
from the model surface. Angle of attack = +12" 
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Figures 4.26 and 4.27 show plots of U- V velocity vectors and Ut'"' contours in the x-y 
plane (parallel to the surface of the model) at z/c=O.025 (5mm away from the 
surface), at angles of attack of +8° and +4° respectively. 
The flow features at an incidence of +8° (Figure 4.26) show marked differences to 
those observed at +12°. The most obvious differences are the 'null-data' regions 
which are much reduced in size than previously. This is a direct result of the weaker 
jet that is exiting the damage hole. The jet is almost completely bent over by the 
freestream soon after exiting the damage hole. Hence the second 'null-data' region 
(reverse flow region) is limited to a small area just aft of the rear edge of the hole, 
with its length being approximately 0.75 hole diameters. In fact, previous 
investigators have found that as the weak jet bends over and re-attaches to the surface, 
it creates a re-circulating bubble just aft of the hole edge. The 'null-data' region found 
here closely resembles such a re-circulating bubble in terms of its size, and thus it is 
feasible that it is indeed a re-circulating bubble. This is an area that needs further 
investigation using more advanced flow measurement techniques such as LDA or 
PlY. The vectors along the edge of the reverse flow region can be seen to flow 
towards the centerline (and into the reverse flow region), as the surrounding flow gets 
entrained into this highly negative pressure region. Whether this entrainment is caused 
by a pair of small contra-rotating bound vortices attached to the jet or by the negative 
pressure created within the wake of the jet, is beyond the scope of the current 
research. Interestingly, there is no mention of contra-rotating bound vortices being 
associated with a weak jet flow in any of the previous research papers identified so 
far. This is another area that lends itself to further investigation using optical 
diagnostic techniques. 
The first 'null-data' region just upstream of the jet exit is also significantly smaller in 
size than previously. Once again the existence of this region can be attributed to the 
bending of the oncoming flow around the jet. This creates velocity vectors of high 
angularity beyond the calibration of the probe, resulting in a lack of data. Some 
evidence of this bending of the oncoming flow is given by the highly yawed vectors 
surrounding this region, which can be seen to flow around the jet. However in this 
case due to the reduced strength of the jet, the oncoming flow does not bend as rapidly 
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as before. Consequently there are fewer vectors outside the probe calibration, giving a 
much smaller 'null-data' region. 
Away from the influence of the jet, the velocity vectors are more or less straight and 
the flow closely resembles that an undamaged model. Further away from the surface, 
the trends observed were similar to those seen for the + 12° case, with the 'null-data' 
regions reducing in size with increasing distance from the surface. However, at this 
incidence, the first 'null-data' region (i.e. within the hole, upstream of the jet) had 
completely disappeared at a distance of z/c=O.05 (lOmm from the surface), whilst the 
reverse flow region had disappeared by a distance of z/c=O.1 (20mm from the 
surface). 
When the incidence is further reduced to +4° (figure 4.27), it can be seen that there is 
no jet flow through the damage hole, and the flow is overall very similar to that of an 
undamaged model. 
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Figure 4.26 - x-y dala plol of v-V velocily veclors and Vir., velocity COlltOUrs, at 
z!c.,(),025 from the model surface. Angle of attack = +8" 
115 
4. FLOW FIELD ANALYSIS 
F TPl..AlE PIU .• ' Y VECTOI'I$ z..s ZI De<: • PROBE DATA 
1.3 
t 12 REFERENCE VECTOR, 40 mls 
1.1 
TRAILING EDGE 
TR E 
52 0.9 
50 
48 
46 
44 0.8 
42 
40 
38 
36 0.7 
34 
32 
30 
28 0.6 
26 
24 
22 
20 0.5 
18 
16 
14 0.4 
12 
10 
8 
6 0.3 
4 
2 
0 
0.2 
0.1 o -0.1 ·0.2 -0.3 -0.4 
le 
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4.5.3 The Flow Field in the y-z Plane 
Plots of V- W velocity vectors superimposed on v-velocity contours at several 
measurement planes, beginning just upstream of the damage hole and extending 
beyond the trailing edge, are presented in figures 4.29(a) to 4.29(z), for an angle of 
attack of + 12°. Each measurement plane is located with its base on a particular xle 
location (Figure 4.28), beginning at xle = 0.125 (i.e. 25mm from the leading edge) and 
ending at xle = 1.1 (i.e. 20mm downstream of the trailing edge). These plots are useful 
in visualizing the yaw and pitch angularities of the flow at each measurement plane, 
where the horizontal and vertical component of each velocity vector is a measure of 
its degree of yaw and pitch respectively. The orientation of the plots is such that the 
viewing direction is from the trailing edge towards the direction of the oncoming 
flow. They provide a different perspective of key flow features, such as the exiting of 
the jet from the damage hole, bending of the freestream flow around the jet, 
entrainment of the surrounding flow into the reverse flow region etc., and also lend 
further evidence to the observations made previously. 
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Figure 4.28 - Sketch of y-z measurement planes, showing their orientation, location 
and origin along the model 
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The V-velocity contours within the plots give an indication of the lateral movement of 
the flow in a span wise direction. These contours are particularly useful in revealing 
the bending of the oncoming flow around the jetJreverse flow region and the 
entrainment of the surrounding flow into the reverse flow region, which can be seen to 
manifest as two separate regions or cores of negative and positive V-velocity 
respectively. The negative velocity contours within the plots correspond to areas 
where the flow direction is away from the centerline of the aerofoil, with the positive 
velocity contours encompassing regions where the flow is in the opposite direction. 
The contour plots show the actual velocities measured in that particular plane and are 
such that within a region encompassed by a 1 m/s contour, the velocity everywhere is 
either equal to or greater than 1 mls. A reference vector of 20 mls is shown to enable a 
visual comparison of the magnitude of the velocity vectors. 
As the flow passes over the leading edge, the flow is initially very straight with very 
little lateral angularity. This is clearly evident at xlc=O.125 (Figure 4.29(a» where the 
measurement plane is dominated by a large Omls velocity contour, referred to as the 
'zero contour' from here on. Also noticeable is a fairly large W-velocity component 
throughout the flow field, indicating somewhat large pitch angles. This is due to the 
+120 angle of attack of the aerofoil which causes the oncoming flow to deflect over 
the leading edge. Consequently, the flow is at a positive pitch angle relative to the 
surface!' 
t In fact, far away from the surface of the model (i.e. de 2: 0.2) where the influence of the jet on the 
freestream is relatively less there is still a significant W.velocity component prevalent over much of the 
model due to the effect of the angle of attack. The effect of the angle of attack on the pitch of the flow 
begins to diminish as the flow passes the trailing edge and gradually re-aligns with the horizontal. This 
is evident from figures 4.29(a) to 4.29(z) (xle;O.125 to xle;!.l) where initially the W-velocily 
component, particularly in the upper regions of the measurement planes, is fairly dominant but then 
progressively reduces from about x/c:::;:O.5 (figure 4.29(r» onwards. The flow over an undamaged model 
at the same angle of auack would initially display a similar degree of 'upwash' as the oncoming flower 
is deflected over the leading edge, but would then re-align with the horizontal earlier than that observed 
here. But in this case after the initial deflection over the leading edge, the freestream flow is not 
allowed to realign straight away as it is subsequently deflected over the penetrating jet. In effect there is 
a mutual deflection of the jet and the freestream: the jet deflects the freestream and vice-versa. One 
may also discern that even downstream of the trailing edge, say at x/c= 1.1 (figure 4.29(z) the flow still 
retains a degree of 'upwash' or positive pitch. This is merely due to the fact that in the velocity plots 
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As the flow progresses further towards the damage hole (x/c=O.IS, figure 4.29(b)), a 
small region of negative velocity (bounded by the -I mls velocity contour) can be seen 
to develop within the zero contour, located towards the bottom right of the 
measurement plane. For ease of discussion this region of negative v-velocity, 
encompassed by the -I mfs contour, shall be referred to as the 'negative velocity core' 
from hereon. The two characteristic features of this negative velocity core, which 
becomes more apparent later on in the discussion, are it's size (i.e. the area within the 
-lmfs contour), which is indicative of the volume of flow with lateral angularity, and 
it's strength (the maximum negative velocity contour) which is a measure of the 
degree of angularity. Therefore the small negative velocity core that has developed 
within the zero contour at x/c=O. IS is the initial stage of the oncoming flow beginning 
to bend around the exiting jet. The location of this negative velocity core towards the 
bottom right of the measurement plane, centered at approximately ylc=O.12S and 
z/c=O.07S, is such that it is offset from the centerline and slightly above the surface of 
the model. Its lateral displacement away from the centerline is consistent with where 
the oncoming flow would be bending most rapidly around the jet and hence have the 
greatest yaw: away from the centerline and at the lateral edge of the damage hole. Its 
displacement upwards from the surface however is somewhat unexpected, as the flow 
visualization shows the surface flow bending around the jet, and hence the negative 
core would be expected to extend to the surface. A possible reason for the discrepancy 
is the introduction of errors due to the proximity of the probe to the model surface. 
The validity of this claim is however difficult to justify without further 
experimentation, and as such is an area that lends itself to optical diagnostic 
techniques. Also noticeable at X/c=O.12S and x/c=O.IS is a region of positive velocity 
at approximately Smm away from the surface. This positive region extends all the 
way across the bottom of the measurement plane at X/c=O.12S, whilst at X/c=O.IS it 
has reduced in extent and is confined to the bottom left hand corner; i.e. away from 
the centerline and just above the surface of the model. There is no obvious 
explanation for their existence, and the most likely cause of this flow angularity is 
presented, the flow angularities have been determined relative to the surface of the model. Bearing in 
mind that the model is itself at a positive angle of attack of + 120, even when the flow is re· aligned with 
the freestream it would be at a positive pitch angle relative to the model. 
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alignment errors introduced in setting-up the experiment and/or surface proximity 
errors. 
As the flow approaches the damage hole the negative velocity core increases in size. 
At the upstream edge of the hole (X/c=O.2, figure 4.29(d», it is noticeably larger than 
at x/c=O.15. Initially only the streamlines that are at the edge of the hole (and hence at 
the edge of the jet) were bending, resulting in a negative velocity core that is fairly 
small in size. As the oncoming flow gets closer to the jet, it bends away rapidly at a 
greater angle to get around the expanding jet thereby also influencing the flow in the 
immediate vicinity, whilst some of the flow directly in front of the hole also begins to 
bend around the jet, resulting in a larger negative velocity core. Whilst the strength of 
the negative velocity core would also be expected to increase (due to the increased 
lateral angularity of the streamlines), at this stage any increments in angularity are 
small and consequently not yet apparent on the contour plot. Whilst the negative core 
has increased in size there is also now a region of positive velocity that has developed 
at the surface extending halfway across the width of the measurement plane, from 
very near the centerline to approximately y/c=O.2, where the flow close to the surface 
is yawed towards the damage hole. This is however not evident from the flow 
visualization study, and should be treated with some circumspection as the proximity 
of the probe to the surface is likely to induce measurement errors. Nevertheless it is 
possible that the surface flow around the front of the damage hole is being entrained 
in. As the jet is known to exit the hole only through the rear portion of the hole, the 
front portion may consist of a low pressure region caused by a re-circulating bubble. 
(Refer figure 4.9) Such a system is likely to entrain the surface flow in its immediate 
vicinity. This is however merely a hypothesis and needs to be verified by further 
investigation: an area that once again lends itself to optical diagnostic techniques. 
At x/c=O.3 (i.e. over the hole center - see figure 4.29(h» the negative velocity core 
has increased further in size and also in strength, where the maximum v-velocity is 
now -3m1s. This is indicative of the greater angularities of the velocity vectors as the 
streamlines begin to bend even more sharply. The center of the negative core is still 
located at approximately the same position as before; that is laterally at around 
y/C=0.125 which corresponds to the edge of the hole where the streamlines are yawed 
with the greatest angularity, and transversely (i.e. above the model surface) at around 
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,/c=0.075. Also noticeable at this measurement plane is a lack of data in the extreme 
lower right hand corner of the plot (as evident from missing velocity vectors). This 
corresponds to the first 'null-data' region which, as discussed previously, is where the 
flow vectors were outside the calibration of the probe. 
Further on, at x/c=0.35 (figure 4.29(k» the negative velocity core has increased in size 
to such an extent that it completely dominates the measurement plane covering 
approximately 50% of its area. It has also increased in strength with the maximum v-
velocity at -5m/s. Simultaneously the 'null-data' region (in the lower right hand 
corner) has also increased in size as a greater region of the flow now contains extreme 
flow angularities as it gets closer to the exiting jet, consequently resulting in a larger 
number 0 vectors outside the calibration limits of the probe. 
The first evidence of the jet can be seen at x/c=0.375 (figure 4.29(1», where there are 
several vectors of high magnitude (in excess of 20m/s) and high pitch angularity 
located around the centerline and just above the model surface. These vectors are 
located directly above the rear part of the damage hole, and confirm the previous 
observations that the jet exits only through the rear half. In reality, the actual 
windward edge of the jet (i.e. front/upstream edge) is probably located further 
upstream, possibly even at x/c=0.3. Unfortunately, there is a lack of data in the region 
close to the centerline (i.e. the first 'null-data' region), which is the area where the jet 
would be expected to exit from, at all measurement planes from x/c=0.3 onwards. 
This prevents any conclusive identification of the exact location of the jet boundary. 
The 'null-data' region, though an inconvenience, nevertheless provides an indication 
towards what might be happening. Also evident at x/c=0.375 is that the negative 
velocity core has further increased in both its size and strength, with a maximum v-
velocity of -1Om/s, as the oncoming flow continues to accelerate and deviates around 
the expanding jet. 
Further downstream, at x/c=O.4 (figure 4.29(m», the jet is clearly evident. The 
stronger presence of the jet at this particular stream wise location than previously is 
probably because it is bent over further thereby resulting in a greater number of 
vectors within the calibration range of the probe. The negative velocity core has also 
increased in both size and strength and now completely dominates the measurement 
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plane, as the oncoming flow carries on bending around the jet at an ever increasing 
rate of angularity. However a key feature here, in contrast to the previous 
measurement planes, is the small region of positive velocity flowing towards the 
centerline (from hereon referred to as the 'positive velocity core') that has formed 
directly underneath the negative velocity core. The positive velocity core is defined as 
the region bounded by the + I m/s v-velocity contour. This positive core is caused by 
the entrainment of the surrounding flow towards the centerline into the reverse flow 
region in the lee of the jet, as identified earlier. 
From x/c=0.425 onwards (figure 4.29(n) to 4.29(z)), there is a marked difference in 
the flow characteristics observed thus far. The negative velocity core progressively 
reduces in both size and strength, whilst simultaneously moving up and away from the 
surface of the aerofoil. The upward movement of the negative core reflects the 
penetration of the jet into the freestream. As the negative core is caused by the 
bending of the oncoming flow around the jet, it is located at the lateral edge of the jet, 
at approximately the same relative height away from the surface of the model as the 
jet. Consequently as the jet penetrates further into the freestream and moves away 
from the surface whilst progressing towards the trailing edge, so does the negative 
core. Thus the position of the negative core above the model surface is indicative of 
the height of the jet at that particular streamwise location. This is clearly evident at 
x/c=0.425 (figure 4.29(n)) where the center of the negative core is at approximately 
the same height as the jet velocity vectors. (i.e. the vectors with large pitch angles) 
The reduction in size of the negati ve core corresponds to the gradual bending and re-
alignment of the jet with the freestream as it begins to dissipate. 
At the same time, the positive velocity core can be seen to increase in size as it 
asymmetrically grows both laterally and vertically, although it is still located below 
the negative core. Thus while the flow around and above the jet gets deflected around 
and over the jet, the flow below the jet gets entrained into the wake region. The 
positive core reaches its maximum strength at x/c=0.425, where the maximum V-
velocity is + 15m/s, before it gradually begins to diminish in strength. Further 
downstream of x/c=0.425 as the trailing edge is approached, unlike the negative core, 
the positive core increases in size but decreases in strength. It is difficult to ascertain 
precisely the reasons for this behavior of the positive core, although one possible 
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explanation lies in its link to the contra-rotating bound vortices that are believed to 
exist attached to the underside of the jet, although they have not been positively 
identified. The lack of evidence of this contra-rotating bound vortex system is 
unexpected and the exact reasons for this are unclear. Considering that at this 
particular incidence the jet was found to be exiting, at a significantly large angle, 
transversely into the freestream, akin to nCF, the non-existence of the bound vortex 
system is surprising. It could be that the strength of the jet relative to the freestream is 
too low to initiate the mechanism that induces the vortices. The more likely scenario 
is that the vortex system does exist, but is too weak to be measured by the five hole 
probe. 
The entrainment process that gives rise to the positive core is believed to be a 
combination of the low pressures induced in the wake of the jet and the possible 
contra-rotating bound vortices attached to the underside of the jet. Thus as the jet 
flows downstream and penetrates further into the freestream, the size of the low-
pressure wake region increases correspondingly, which in turn increases the amount 
of flow that is entrained into the reverse flow region. This mechanism, coupled with 
the entrainment effect of the contra-rotating bound vortices results in the growth of 
the positive core. Although it is difficult to precisely attribute the cause of asymmetry 
of the positive core, its lateral expansion along the surface is most likely driven by the 
entrainment effect of the wake region while the vertical growth along the edge of the 
reverse flow region, close to the centerline, is likely to be primarily caused by the 
effect of the bound vortex system. As the jet flows further downstream it gradually 
dissipates into the freestream. It is known from JICF research that the strength of the 
contra-rotating bound vortices are proportional to the strength of the jet, and that they 
begin to dissipate with the jet. The diminishing influence of the dissipating vortex 
system is reflected in the decreasing strength of the positive core. The decay of the jet 
(and thus the attached bound vortices) as it reaches the trailing edge is confirmed by 
the decrease in size and strength of the negative velocity core. xlc=O.9 (figure 
4.29(x», the negative velocity core has disappeared, indicating that the jet has 
completely decayed and integrated into the freestream by this stage. However, the 
positive velocity core still remains and although reduced in strength, it occupies a 
large region of the measurement plane. Thus there is still a fair amount of flow being 
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entrained towards the centerline, indicating the influence of the negative pressure 
region created in the wake of the jet. 
Further evidence of the bending and subsequent decay of the jet is provided by the 
reduction in size of the reverse flow region (the second 'null-data' region), as the 
trailing edge is approached. Initially, from .dc=O.425 to .dc=O.7, the reverse flow 
region increases in size as the jet exits the damage hole and penetrates into the 
freestream. Thereafter the size of the second 'null-data' region gradually decreases as 
the jet bends over and dissipates into the freestream, before completely disappearing 
at the trailing edge. (.dc=I.O, figure 4.29(y)) 
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When the angle of attack is reduced to +8° (figure 4.30(a) to 4.30(z» the flow exhibits 
similar trends as previously, but with several significant differences. For example near 
the leading edge (xle=O.125, figure 4.30(a» the flow is fairly straight with negligible 
angularity, apart from close to the surface where it appears to be yawed towards the 
centerline. This is an anomaly that was also present at + 12°, and is probably due to the 
errors induced by the proximity of the five hole probe to the aerofoil surface. 
As the flow progresses over the damage hole the negative core can be seen to develop, 
first appearing at xle=0.325 (figure 4.300». This is much later than at the previous 
angle of attack of +12°, where it was first observed at xlc=0.15, verifying the earlier 
conclusion that this lower angle of attack results in a weaker jet that is bent over 
immediately by the oncoming freestream flow. A weaker jet with less penetration into 
the freestream wou ld naturall y resul t in a more gradual bending of the oncoming flow, 
and hence the streamlines upstream of the damage hole (and further away from the 
jet) would be comparatively straigh ter with lesser angU larity. As the negative core is a 
creation of the lateral angularity of the freestream flow, it would consequently be 
either non-existent or less evident, at corresponding locations when compared to the 
+12° case. 
Subsequently at measurement planes further downstream, the negative core can be 
seen to increase in both size and strength before reaching a peak at xle=O.4 (figure 
4.30(m» and then gradually reduce in both size and strength, in a similar manner to 
that observed at +12°. When the negative core was first seen, at xle=O.325, it's 
con trained to a very small region with a maximum contour of -I m/s. At At xle=O.4, 
when at its peak, it's larger in size with a maximum V-velocity contour of -I Om/so 
Further downstream, at At xle=O.6 (figure 4.30(t», it has reduced in size and strength 
where its maximum v-velocity has decreased to -I m/s. The negative core has 
completely disappeared by At xle=O.65 (figure 4.30(u». The disappearance of the 
negative core is of particular significance as it indicates that the jet has completely 
bent over at this stage and realigned with the freestream, thereby confirming the 
observations of figure 4.15. 
Although the general trends at an angle of attack of +8° are similar to those observed 
at + 12°, the chordwise positions (i.e. xle positions of the measurement planes) at 
which the flow features first occur and change are different. At + 12°, the 
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corresponding measurement planes at which the negative core (I.) first appeared, (2.) 
was at its maximum strength, and (3.) disappeared, are at .x/c=0.15, 0.425 and 0.9 
respectively. 
Thus the point at which the negative core is at its maximum strength is similar for 
both angles of attack - close to the rear edge of the hole where the presence of the jet 
is strongest. However the points at which the negati ve core first appears and 
disappears differ greatly. The negative core is formed much earlier when the angle of 
attack of is +12°, and dissipates much later. This can be directly attributed to the 
strength of the corresponding jets. The stronger jet at + 12° with its greater penetration 
would cause the oncoming flow to begin bending around much earlier, and thus form 
the negative core earlier. The subsequent reduction in size and strength of the negative 
core is due to the gradual straightening of the freestream streamlines after passing the 
exiting jet. As the jet begins to decay and dissipate into the freestream flow, which is 
generally straight, the streamlines immediately surrounding the jet also become 
aligned with the freestream resulting in a gradual reduction in size and strength of the 
negative core. Thus the disappearance of the negative core coincides with the final 
decay of the jet. As the stronger jet at + 12° decays much later the relatively weaker 
one at +8°, so does the corresponding negative core. 
Also evident from figures 4.30(a) through to 4.30(z) is the gradual upward movement 
of the negative core as the flow progresses downstream. This phenomenon is 
particularly noticeable at measurement planes downstream of the damage hole - in 
this case from At .x/c=0.425 (figure 4.30(n» onwards. As discussed earlier in the 
chapter, the upward movement of the negative core coincides with the penetration of 
the jet into the freestream and thus its vertical location is a good measure of the extent 
of penetration. Comparison of the movement of the negative core at +8° with that at 
+ 12° shows that the jet penetrates further into the freestream in the latter, verifying the 
observations made earlier from the x-z data plots (figures 4. 14 & 4.15). 
Another similarity with the + 12° case is the formation of the positive velocity core 
beneath the negative core. In both cases the positive core is first formed when the 
negative core is at its maximum - i.e. near rear of the damage hole where the jet is at 
its strongest. At +8° this occurs at At .x/c=O.4 (figure 4.30(m», although the size of the 
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positive core is so small that it is not immediately obvious. Continuing the trends seen 
previously, the positive core initially increases in both size and strength whilst the 
negative core simultaneously decays. The positive core reaches its maximum strength 
at At x/c=0.55 (figure 4.30(s)) before its strength begins to decay although it still 
continues to grow in size. As before, the growth of the positive core is asymmetric, 
growing horizontally along the surface and vertically close to the centerline (figures 
4.30(r) to 4.30(x)). 
y-z Plots of the velocity field when the angle of attack is further reduced to +4° are not 
presented in this discussion. This is because at +4° there is no jet flow through the 
damage hole, and consequently plots of the velocity measurements do not reveal 
results of any significance. 
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Figure 4.30g - y-z data plot of v- W velocity vectors and V-velocity contours, at an 
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Figure 4.30y - y-z data plot of v- W velocity vectors and V-velocity colltours, at an 
angle of attack of 8", x/C=1.0 
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4.6 Summary of the Induced Flow Field 
At +12°, as the flow passes the leading edge it is initially straight and aligned with the 
centerline of the model, with a slight degree of pitch away from the surface as it gets 
deflected over and above the leading edge. As the flow approaches the upstream edge 
of the damage hole its pitch relative to the model surface is somewhat reduced as it 
becomes more aligned with the freestream, although it still remains straight with 
negligible yaw. As it gets closer to the center of the damage hole the first indication of 
the jet, which is further downstream, can be seen as the flow directly upstream of the 
jet becomes affected; the flow upstream of the main central body of the jet begins to 
decelerate whilst the flow towards the lateral edge of the damage hole (and the jet) 
begins to gradual ly bend away laterally, towards the aerofoil tips. The jet can be seen 
to exit from the rear (downstream) portion of the damage hole, which is in contrast to 
observations of HeF, where it completely occupies the hole. At this particular 
incidence, the jet penetrates deep into the freestream before it begins to bend over. As 
the jet penetrates into the freestream, a wake region containing highly unsteady and 3-
D flow region is formed between the underside of the jet and the model surface, 
extending from the downstream edge of the damage hole all the way to the trailing 
edge. On the surface of the model a flow separation line is formed, which extends 
laterally from the edges of the damage hole (intersecting the hole at around its center) 
and being swept away towards the trailing edge. (figure 4. L) Within this separation 
line is contained the wake region of the jet. Towards the trailing edge of the wake 
region there is a triangular region of reverse flow, where the flow can be seen to 
reverse direction and flow upstream along the surface back towards the damage hole. 
Just aft of the damage hole is a pair of contra-rotating vortices joined by another 
separation line. Away from the surface, the jet continues to penetrate into the 
freestream upon exit, although the angle of the jet relative to the freestream becomes 
progressively less as the trailing edge is approached, as the jet is bent over by the 
freestream. When the jet initially exits the hole, the jet ve locity is around the same as 
the freestream velocity far upstream of the model. As the jet progresses downstream it 
begins to expand and its velocity is slightly reduced. In fact the localized freestream 
flow surrounding the jet, and in particular above the jet, is significantly higher and 
appears to be accelerated by the jet, as it gets deflected over and around it. When the 
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trailing edge is reached, the jet has more or less completely bent over and re-aligned 
itself with the surrounding freestream. The nature of the freestream flow surrounding 
the jet is such that when it meets the jet it deflects laterally around and vertically over 
the jet, whilst the wake region below the jet acts to entrain the surrounding flow 
towards itself. Thus, if one was to look at the flow field by standing at the trailing 
edge looking directly at the oncoming flow, the flow field surrounding the jet is 
divided into two distinct regions by the jet. The flow immediately on either side of the 
jet is deflected laterally away, whilst the flow below the jet is yawed in the opposite 
direction towards the centerline as it's entrained by the wake region. At their interface 
there would be a degree of shearing action of the flow field, which in all probability 
contributes towards the contra-rotating bound vortex pair that is believed to exist 
attached to the underside of the jet, even though they have not been specifically 
identified in this instance. As discussed previously this is thought to be due to the 
measurement technique employed, although it could also be due to that fact that the 
vorticity generated as such is simply very low. 
As the angle of attack is reduced to +8° there is noticeable change in the flow 
mechanics. The most obvious change is in the jet itself. The jet penetration is now 
significantly less and it is bent over by the freestream much earlier than previously. 
Consequently the wake region beneath the jet is greatly reduced, whilst the influence 
of the jet on the freestream flow upstream of the jet is also diminished. The lateral 
deflection of the upstream flow around the jet is less than for the + 12° case, whilst the 
amount of flow entrained into the wake region (towards the centerline) is also 
reduced. The two contra-rotating vortices located at the edge of the damage hole have 
moved closer to each other, which is indicati ve of the reduced width of the jet. As the 
angle of attack is further reduced to +40 the flow field remains unchanged from the 
undamaged case. The pressure differential between the upper and lower surface over 
the damage hole in this case is virtually zero, and consequently does not cause any jet 
flow through the damage hole. 
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4.7 Comparison of the Damaged Flat Plate Aerofoil with Jets 
in Crossflows 
It is difficult to carry out a definitive comparison, as the HCF results are generally for 
much higher velocity ratios than that produced by the damaged flat plate. 
Consequently the structure of the induced flow fields can sometimes be vastly 
different depending on the difference in magnitude of the velocity ratios. 
Nevertheless, some insight can be gained as to the similarity (or the dissimilarity) of 
the flow field with that of HCF. 
4.7.1 Comparison of the Induced Pressure Field with JICF 
Comparison of the surface pressure field induced by the damaged flat plate aerofoil at 
an incidence of + 12° (figure 4.1), with the results published by Vogler of the pressure 
field induced by a HCF at a velocity ratio of R=l.O (figure 2.l0(c)) reveals several 
similarities!. In both cases there is region of negative suction pressure aft of the jet. In 
the case of the HCF this region extends to approximately 4 jet diameters downstream 
of the jet exit and also expands laterally in a spanwise direction, with its spanwise 
edges swept further downstream than the centre thus giving it a kidney shape. In the 
case of the flat plate aerofoil the suction region only extends to approximately 2 jet 
diameters downstream of the jet exit whilst the kidney shape observed with the HeF 
is less prominent here, although there is some semblance of it. However it should be 
remembered that in this case the jet only exits from the rear portion of the damage 
hole, thus using the actual hole diameter as a gauge for comparison is somewhat 
misleading. If the actual area occupied by the jet is used as a measure of the extent of 
the suction region, then it can be found to extend to approximately 6 jet diameters (i.e. 
the width of the jet, at the exit, in the freestream direction) downstream of the exit. 
The strength of the core in both cases is also fairly similar. Surrounding the suction 
pressure region (aft of the damage/jet exit) in both cases are positive induced pressure 
contours, although the strength of these positive contours is more intense for the battle 
damaged flat plate. Upstream of the damage/jet exit, there is a region of positive 
t Note that the flat plate ep contours from Vogler, which are purely due to the interference effects of 
the jet, are directly comparable to the dep contours produced for the flat plate aerofoil, which by 
definition is the difference between the damaged and undamaged model. 
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pressure in both cases. In the case of the JlCF this positive region is quite large and 
covers the entire flat plate surface upstream of the jet. The 0 Cp contour that separates 
this positive pressure region from the suction region aft of the jet is wrapped around 
the upstream edge of the jet exit orifice. The flat plate aerofoil also exhibits an 
extensive positive induced pressure region upstream of the damage, although in this 
case the 0 6.Cp contour cuts across the damage hole and is located approximately 
O.75d downstream of the forward edge of the damage. As the jet exits only through 
the rear portion of the hole, the 0 6.Cp contour is effectively wrapped around the 
upstream edge of the jet. In both instances, the maximum strength of the positive 
pressure region is located around the centerline at the most upstream edge of the 
damage/jet exit, with the maximum strength of the positive pressure region being 
slightly higher for the battle damaged flat plate. Also, the lateral extent of the positive 
pressure region appears to be greater for the battle damaged flat plate. Overall the 
general trends observed in the induced pressure field are quite similar for the flat plate 
JlCF and the battle damaged flat plate. The effects of varying the strength of the jet 
relative to the freestream§ are also comparable in terms of the observed trends. In both 
cases the effect of reducing the strength of the jet relative to the freestream is to 
reduce the extent of the suction pressure region aft of the jet, which was seen to 
retract towards the damage/jet exit, and also a reduction in the strength of the positive 
pressure region upstream of the damage/jet exit. 
4.7.2 Comparison of the Induced Flow Field with JICF 
The overall structure of the flow field induced by the damaged aerofoil is generally 
comparable to that induced by the flat plate JICF, although there are several notable 
differences. In both cases the induced flow field can be categorized into two distinct 
regimes; "weak-jet" and "strong-jet", based on the relative strength of the jet to the 
freestream (usually measured by the velocity ratio). The "weak-jet" flow regime is 
exhibited at the lower velocity ratios whilst the higher velocity ratios produce the 
"strong-jet" flow regime. Once again it is difficult to carry out a definitive comparison 
as most JICF investigations have been carried out at velocity ratios much higher than 
those encountered for the battle damaged flat plate aerofoil. Consequently most JICF 
§ For the flat plate this is in effect the jet-to-freestream velocity ratio, but for the battle damaged flat 
plate aerofoil it is not simply the velocity and is more likely the mass flow rate ratio, as discussed 
previously. 
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publications are only applicable to the "strong-jet" flows whilst the battle damaged 
aerofoil generally produced flow fields that are more akin to the "weak-jet" flows, 
apart from at an angle of attack of + 12°, where the flow structure appears to be in 
transition from weak-jet to strong-jet. 
The only weak-jet JICF investigation identified was carried oul by Andreopolous & 
Rodi, where the investigation was carried out at a velocity ratio of 0.5. Comparison of 
their observed flow structure with that observed for the battle damaged aerofoil at 
0=8°, indicates that the two flow structures are generally quite similar. In both cases 
the jet penetration into the freestream is minimal and it is bent over almost 
immediately upon exit. A small region of reverse/wake flow is formed between the jet 
and the flat plate/aerofoil surface in the immediate vicinity of the jet exit, with the 
surrounding surface flow being entrained into this reverse/wake flow region. Also in 
both cases two contra-rotating vortices were observed on the surface, at the rear edge 
of the damage/jet exit hole. Despite the general similarities there are also several key 
differences. In nCF the jet occupies the entire hole, whereas in the battle damaged 
aerofoil it only occupies the rear edge of the hole. Consequently in the former there is 
a horse-shoe vortex wrapped around the leading edge of the jet exit hole on the flat 
plate surface. No such vortex system was detected in the latter case, although there is 
a separation line dividing the jet flow and the surrounding freestream flow. It is 
thought that in JICF, this horse-shoe vortex is formed due to the separation of the 
boundary layer of the oncoming freestream flow at the jetJfreestream interface, which 
is subsequently swept downstream on either side of the jet, thus forming the horse-
shoe vortex. Thus the most likely reason for its absence in the case of the damaged 
aerofoil is the absence of a boundary layer'at the freestream/jet interface. As the jet 
exits only from the rearmost portion of the damage hole, when the freestream meets 
the jet it is directly over the damage hole and hence there no possibility of the 
existence of a surface boundary layer. The most notable difference however is the 
absence of the contra-rotating bound vortex pair attached to the underside of the jet in 
the case of the battle damaged aerofoil. Andreopolous & Rodi attribute the formation 
of this bound vortex system due to a combination of two separate mechanisms, as 
discussed earlier in the literature review. The first is a re-orientation and stretching of 
the original pipe flow vorticity and the second mechanism is the shearing action at the 
interface of the orthogonal jet and the cross flow, with the former being dominant at 
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lower velocity ratios and the latter at the higher velocity ratios. Since the velocity 
ratios governing weak-jet flows are low, according to this theory the bound vortex 
pair is formed predominantly due to the pipe vorticity. [n the case of the battle 
damaged aerofoil this pipe vorticity would be negligible due to the short length 
(depth) of the damage hole, and this would therefore explain the absence of the bound 
vortices. 
The similarities and differences between JICF and the damaged flat plate aerofoil 
were much the same for the strong-jet flows as for the weak-jet flows. Comparison of 
the JICF strong-jet flow structure observed by Andreopolous & Rodi with that 
observed for the battle damaged aerofoil at a= 12° .. reveal that the general flow 
structure is once again fairly similar. In both cases the jet was seen to penetrate further 
into the freestream, whilst the wake/reverse flow region aft of the jet was found to 
increase in size. However in the case of the damaged flat plate aerofoil the lower 
velocity of the jet, in comparison to the freestream, makes it difficult to establish the 
exact jet parameters. 
Once again, the main differences were in the vortex systems. As with the weak jet 
case for the damaged aerofoil, the jet exited only through the rear portion of the 
damage hole although on this occasion the overall area is slightly greater. 
Consequently the horse-shoe vortex system on the surface, seen in JICF, was not 
observed for the damaged aerofoil. The likely reason for this, as previously discussed, 
is the absence of the surface boundary layer. Similarly the contra-rotating bound 
vortex pair attached to the underside of the jet was not observed for the damaged 
aerofoil. On this occasion the differences are more likely due to the strength of the jet, 
as opposed to the pipe flow vorticity. Since the velocity ratio is R=2 for the JICF, and 
as the shearing action at the jetlfreestream interface was found to be the more 
dominant mechanism, the bound vortex pair was found to be much stronger at this 
higher velocity ratio. For the damaged flat plate the velocity ratio had only increased 
.. It should be remembered that for the damaged flat plate aerofoil, the flow structure is not quite that 
of a fully developed strong-jet, and is instead an intermediate between a weak-jet and strong-jet flow. 
Nevertheless this is as close as could be achieved with the flat plate aerofoil, and is still useful in 
illustrating the changes induced on the flow field, in comparison to JlCF, as the relative strength of the 
jet is increased. 
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marginally from the previous case, and hence the shearing action at the jetlfreestream 
interface nor the pipe flow vorticity is strong enough to produce a visible bound 
vortex system. 
4.8 Classification of Flow Structure 
As discussed earlier, in JICF two distinct flow regimes were identified depending on 
the strength of the jet velocity relative to the freestream velocity. This defining 
characteristic is commonly taken to be the jet-to-freestream velocity ratio (R), 
although other variations such as the momentum flux ratio (1) have also been used. 
Generally, for low velocity ratios the induced flow field was of a "weak-jet" flow 
regime, whereas at the higher velocity ratios it was a "strong-jet" flow regime, with 
each regime exhibiting its own unique characteristics. The most notable difference 
between the two is that in the latter the jet was found to penetrate deep into the 
freestream before being bent over by it, whereas in the weak-jet case the jet was found 
to bend over almost immediately upon exit. The strong-jet case exhibited a large 
triangular region of reverse/wake flow on the surface and a strong contra-rotating 
bound vortex system attached to the underside of the jet, whereas the reverse/wake 
region in the weak-jet case was restricted to a much smaller, localized region near the 
jet exit and the contra-rotating bound vortices were also much weaker. Based on these 
flow characteristics, the flow field induced by the damaged flat plate at an angle of 
attack of 8° is quite clearly a weak-jet flow. The jet was observed to bend over almost 
immediately upon exit, and the reverse flow/wake region was limited to a localised 
area near the jet exit. The jet had also completely dissipated into the freestream at the 
trailing edge. At an angle of attack of 12°, the flow field is clearly no longer a weak-
jet, but neither is it a fully developed strong-jet, and instead appears to be in transition 
from a weak-jet to a strong-jet. Whilst the jet was seen to penetrate further into the 
freestream, the triangular reverse flow region was not as large as found in strong-jet 
flows in JICF. Additionally, the contra-rotating bound vortex pair attached to the 
underside of the jet was not observed. 
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Consequently, one would expect the velocity ratio R to be less than I for the SO case, 
and around I (but noticeably greater than the velocity ratio at SO) for the 120 case. 
However, calculation of the actual velocity ratios revealed that for both cases they are 
fairly similar. Calculation of the velocity ratios was not a straightforward task, due to 
the lack of data in the exit plane of the jet, combined with the added difficulty of 
distinguishing the exact boundary, and hence the body, of the jet. When the maximum 
velocity within the jet (at the measurement plane nearest to the aerofoil surface) was 
taken as being representative of the overall jet velocity, the velocity ratio R for the 120 
case was 1.16, whilst for the SO case it was 1.04. When the average jet velocity was 
calculated at this exit plane the velocity ratios were even more inconclusive with the 
velocity ratio at 120 now being lower than that at So; R=0.96 for the 120 case and 1.05 
for the SO case. Thus the jet-to-freestream velocity ratio is not the best indicator of the 
induced flow structure for a damaged flat plate aerofoil, and a better indicator would 
be the mass flow rate ratio (M ), non-dimensonalized with respect to the model chord 
squared. I.e., 
it = pA(U,m,) j/ 
/ p_c'U_ 
When this criterion was applied, the mass flow rate ratio for the 120 case was found to 
be 3.003x 10-3 and 1.962x 10-3 for the SO case. When the mass flow rate ratio was 
determined based on the normal W- component of the jet velocity (M w ) where, 
Ni _PjAfWj / 
w - I p_c'U_ 
the corresponding values for the 120 case and the SO case were 2.48Sx I 0-3 and 
1.275x I 0-3 respectively. Of particular interest here is the ratio of the mass flow rate of 
the 120 case with respect to the So, where M 0=121 M 0=8 was found to be 1.53 whilst 
Mw. 0=121 Mw, 0=8 was found to be 1.95, This implication here is that the flow field 
induced by the jet is dependant more upon the normal component of the mass flow 
rate ratio rather than the overall mass flow rate ratio, and is an area that should be 
investigated further. 
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As a key objective of this study is to investigate the similarity of the flow field of a 
damaged aerofoil with that of JICF, the conclusions have been drawn with reference 
to the observed trends from JICF as detailed in the literature review. However, one 
should bear in mind that an absolute quantitative comparison of the induced flow field 
and pressure field between the two set-ups is not possible, partly due to the 
differences in the relative strength of the jet with respect to the freestream, between 
published JICF results and those obtained here for the damaged flat plate aerofoil, and 
partly due to the difficulties imposed by the non-uniformity of the jet in the latter case. 
The most obvious conclusion is that the flow field induced by a battle damaged flat 
plate aerofoil is in many respects similar to that induced by a jet issuing from a flat 
plate into a crossflow, although there are also several distinct differences. 
In both cases, there is a jet issuing transversely into the freestream. In the case of the 
flat plate aerofoil, this is the through-flow jet driven by the pressure differential 
between the upper and lower surfaces and is therefore a dependant on many factors 
such as freestream velocity, aerofoil geometry, angle of attack and camber. This was 
confirmed by the flow field measurements at 4°, where there was no through flow jet 
and where the pressure differentials of the undamaged model over the area of the 
damage hole were negligible. 
Additionally, in the case of the flat plate aerofoil the jet exits the damage hole only 
through the rear portion, whereas it occupies the entire hole in the case of HCF. This 
is somewhat surprising, given that the pressure differentials of the undamaged model, 
over the area occupied by the damage hole, are greater over the front (upstream) 
portion of the damage hole, than the rear (downstream) portion. Thus the most 
plausible reason is that as the jet enters into the damage hole through the bottom 
surface, it separates off the upstream edge of the hole thus exiting only through the 
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rear portion. In the case of the damaged flat plate the strength of the jet flow is greater 
as the angle of attack of is increased (i.e. at [20), with the jet observed to penetrate 
further into the freestream. This is due to the increased pressure differential between 
the upper and lower surfaces, associated with the increase in angle of attack. 
Generally the strength (velocity) of the jet decays as it progresses downstream, whilst 
it expands in size laterally. 
In both cases, the oncoming freestream flow separates around the exiting jet, which in 
the case of JICF created a horse-shoe vortex on the surface, wrapped around the jet. 
Such a horse-shoe vortex system is not evident in the case of the flat plate aerofoil, 
although there is a distinct separation line wrapped around the jet. The lack of the 
horse-shoe vortex system is most likely due to the absence of the surface boundary 
layer at the point at which the oncoming freestream flow meets the jet. This is because 
the jet exits only from the rear most portion of the damage hole, and consequently the 
upstream edge of the jet is far away from the aerofoil surface. 
There is also a highly three-dimensional, unsteady, wake region with reverse flow 
formed in the lee of the jet, just aft of the damage hole and underneath the jet. The 
extent of this wake region is somewhat smaller for the damaged flat plate than for 
JICF, due to the weaker jet. Nevertheless the observed trends are similar for both 
cases, with the wake region increasing in size with increased jet velocity (relative to 
freestream velocity) and expanding both vertically and laterally as the jet progresses 
downstream of the exit. 
A major difference between the damaged flat plate aerofoil and JICF is the lack of a 
bound vortex system in the former. A dominant feature of JICF is the contra-rotating 
bound vortex system attached to the underside of the jet. Various investigators have 
offered various explanations as to the formation of this bound vortex system such as, 
re-orientation of the pipe flow vorticity, shearing action of the jetJfreestream interface 
and entrainment by the jet of the contra-rotating surface vortices at the rear of the jet 
exit. The reality is that it is probably a combination of all of these. Whatever its 
mechanism of formation is, the common observation is the obvious presence of the 
bound vortex system and that the strength of the bound vortex system increases with 
the velocity of· the jet relative to the freestream. Interestingly, this bound vortex 
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system was not observed for the damaged flat plate aerofoil. The most probable 
reason for this is that in this case the bound vortex system is of very low strength, and 
this allied with the limitations of the measurement technique employed, with its 
restricted pitch and yaw angle range, prevents the measurement or observation of any 
vorticity, Additionally, if as proposed by Andreopolous & Rodi, this bound vorticity 
is created due to a combination of the re-orientation of the pipe flow vorticity and the 
shearing action at the jetlfreestream interface, with the fonner being the dominant 
mechanism at low jet-to-freestream velocity ratios, then the relatively low jet velocity 
through the damage coupled with the negligible pipe vorticity of the shallow damage 
hole, would almost certainly result in a very weak bound vortex system, further 
contributing towards its omission, 
In nCF, two distinct flow regimes were identified depending on the strength of the jet 
velocity relative to the freestream velocity, This defining characteristic is commonly 
taken to be the jet-to-freestream velocity ratio (R), although other variations such as 
the momentum flux ratio (l) have also been used, Generally, for low velocity ratios 
the induced flow field was of a "weak-jet" flow regime, whereas at the higher velocity 
ratios it was a "strong-jet" flow regime, 
Based on these flow characteristics, the flow field induced by the damaged flat plate 
at an angle of attack of 8° is quite clearly a weak-jet flow. The jet was bent over 
almost immediately upon exit, with the reverse flow/wake region limited to a 
localised area near the jet exit. The jet had also completely dissipated into the 
freestream at the trailing edge. At an angle of attack of 12°, the flow field is clearly no 
longer a weak-jet, but neither is it a fully developed strong-jet, and instead appears to 
be in transition from a weak-jet to a strong-jet. Whilst the jet penetrated further into 
the freestream, the triangular reverse flow region was not as large as it normally is for 
strong-jet flows in nCF. Additionally, the contra-rotating bound vortex pair that is 
commonly observed attached to the underside of the jet, and which is a defining 
characteristic of strong-jet flows, was not observed here. 
The velocity ratio (R) for the battle damaged flat plate, at both angles of attack, was 
found to be fairly similar and in disagreement with the velocity ratios one would 
typically expect from the observations of JICF. Calculation of the velocity ratios was 
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not a straightforward task, due to the lack of data in the exit plane of the jet, combined 
with the added difficulty of distinguishing the exact boundary, and hence the body, of 
the jet. 
When the velocity ratio was calculated using the maximum velocity within the jet (at 
the measurement plane nearest to the aerofoil surface), at 120 R=1.16, whilst at 80 
R= 1.04. When the velocity ratio was calculated using the average jet velocity at the 
exit plane, the corresponding values were R=0.96 at 120 and R= 1.05 at 80 • Thus it is 
evident that the jet-to-freestream velocity ratio (R) is not the most appropriate 
indicator of the induced flow structure for a damaged flat plate aerofoil. 
Consequently the mass flow rate ratio (M), non-dimensonalized with respect to the 
model chord squared, was used with the mass flow rate ratio defined as follows; 
When this criterion was applied, the mass flow rate ratio for the 120 case was found to 
be 3.003x 10-3 and I. 962x 10-3 for the 80 case. These values 0 the mass flow rate ratio 
were based on the total or "true" velocity vectors (V,,",) within the jet. 
When the mass flow rate ratio was determined based only on the normal W-
component of the jet velocity (M W ) where, 
M - J J . PAJWY; 
W - p_c'V_ 
the corresponding values for the 120 case and the 80 case were 2.488xlO-3 and 
1.275x10-3 respectively. 
Of particular interest here is the ratio of the mass flow rate of the 120 case with 
respect to the 80 ; M ~d M n=8 was found to be 1.53 whilst Mw. n= 121 Mw. n=8 was 
found to be 1.95, which potentially implies that the induced flow field is dependant 
more upon the normal component of the mass flow rate ratio rather than the overall 
mass flow rate ratio, and is an area that should be investigated further. 
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The general trends observed in the induced surface pressure field of the damaged flat 
plate aerofoil were fairly similar to those observed for neF. At 120 case there was a 
localized region of highly negative suction pressures located just aft of the jet 
exit/damage. The edges of this suction pressure region was swept further downstream 
thus giving it somewhat of a kidney shape, although it is not as well defined as in 
neF. The magnitudes of the suction pressure regions for both cases were fairly 
similar. Surrounding this region, aft of the damage hole, was a large region of positive 
induced pressure. Upstream of the jet/damage holes was also a region of positive 
induced pressure, with the greatest intensities occurring directly upstream of the jet 
centreline at the forward edge of the damage hole. The magnitudes of this positive 
interference pressure region for both cases were generally in close agreement, albeit 
slightly higher for the damaged flat plate aerofoil. 
As the angle of attack was reduced to 80 , and thus the strength of the jet was reduced, 
its effect on the induced pressure field was once again similar to that observed for 
neF. The suction region immediately aft of the damage hole was seen to reduce in 
extent, retracting towards the damage hole, whilst the strength of the positive pressure 
region upstream of the jet was also reduced. Overall the effect of reducing the angle 
of attack (and hence the strength of the jet) was a less noticeable effect on the induced 
surface pressures. In fact, when the angle of attack was further reduced to 40 , resulting 
in no through-flow jet, there was virtually no change in the supper surface pressure 
field in comparison to the undamaged model at this incidence. 
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It is recommended that the following areas be investigated further in order to attain a 
complete understanding of all the flow mechanisms and variables, which due to various 
reasons were beyond the scope of the current study. 
6.1 In-depth Analysis of the Flow within the Damage Hole and 
the Wake/Reverse Flow Region 
One of the main limitations of the current research is the lack of flow field data within the 
damage hole and within the wake/reverse flow region, owing to the restrictions imposed 
by the measurement technique employed. To this end, optical flow diagnostic techniques, 
such as Laser Doppler Anemometry (LOA) and Particle Image Velocimetry (PlV), can 
be utilised to measure the flow field in the highly three dimensional and unsteady regions 
within the damage hole and the wake/reverse flow region. A particular area of interest 
would be an investigation in to the reasons for the jet exiting the damage only through the 
rear portion. At present it is believed that this is due to the separation of the flow off the 
upstream edge of the hole, as it enters through the bottom surface. By surveying the flow 
within the damage hole, it would be possible to establish if this is actually the case, and 
the effects of varying the Vd ratio (where L is the hole length and d is the hole diameter) 
or the injection angle of the hole. For example, a longer hole depth might force the jet to 
re-attach to the walls of the hole which would then result in the jet occupying the entire 
hole area as it exits from the upper surface. Similarly, reducing the injection angle of the 
hole (i.e. the angle of the longitudinal axis of the hole relative to the chord) might also 
prevent separation of the upstream edge of the hole and hence result in a jet that occupies 
the entire hole area. 
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Optical diagnostic techniques would also allow the jet area and the mean jet velocity (and 
hence the mass flow rate ratios) to be calculated more accurately. As there does not 
appear to be a distinct boundary between the jet and the surrounding freestream, 
calculation of the exact jet area is currently a difficult and approximate task, which is 
exacerbated by the lack of data (where the flow vectors were outside the calibration of 
the five-hole-probe) and the relatively coarse measurement grid (in comparison to the 
smaller spacing that can be achieved via LDA and PlY). 
6.2 Investigation into the Existence of the Associated Contra-
Rotating Bound Vortex System 
A key discrepancy between the damaged flat plate aerofoil and JICF is the contra-rotating 
bound vortex system attached to the underside of the jet. This vortex system which has 
been widely observed in investigations into JICF has not been detected here. The 
probability is that is does exist, but is either too weak or its longitudinal velocity is too 
low (and hence the flow angularity is high - beyond the calibration limits) to be 
measured by the five-hole-probe. Once again this is an area that would benefit from the 
use of optical diagnostic techniques. At present, there is some ambiguity as to the 
mechanisms that contribute towards the creation of the bound vortex system. The non-
obtrusive nature of LDA and PlV measurements, coupled with their capabilities in 
measuring highly three-dimensional and unsteady flows would allow these mechanisms 
to be investigated. Additionally, the effects of varying the Vd ratio of the damage hole 
(and hence the pipe flow vorticity) and the effects of increasing the circulation around the 
aerofoil on the strength of the bound vortex system can be investigated more effectively 
using optical diagnostic techniques. 
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6.3 Establish the Turbulence Characteristics of the Induced 
Flow Field 
The ultimate aim of this study is to enable quick and accurate predictions, of the 
influence of battle damage on the aerodynamic performance of a lifting surface, using 
CFD techniques. The accuracy of CFD analyses are highly dependant upon the 
turbulence modelling. Hence a generic study that measures turbulence velocities and their 
variation with changes to key parameters such as hole location, hole size, camber, 
aerofoil geometry etc. would be useful in providing verification data towards future CFD 
models. A particular area of interest would be to investigate if the turbulence model can 
be based purely upon the strength of the jet (i.e. the jet-to-freestream mass flow rate 
ratio). It is recommended that optical diagnostic techniques be utilised for this purpose, 
although Hot Wire Anemometry (HW A) can also be applied here. 
6.4 Investigate Link Between Pressure Differential and 
Strength of Jet 
An extremely useful tool would be to devise an empirical formula (or a series of 
formulae) that relates the jet velocity (or the mass flow rate ratio) with the pressure 
differential over the damage hole area of the undamaged model. Since the overall flow 
field characteristics are generally governed by the mass flow rate ratio, such a formula 
would greatly assist in obtaining a quick overview of the expected flow mechanisms. 
Since the strength of the jet is subject to several variables such as the damage size, 
location, aerofoil geometry, camber etc. a series of experiments would need to be carried 
which measures the changes in the pressure differentials and the jet velocities as each of 
these parameters are progressively varied. 
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6.5 CFD Modelling of Battle Damage 
An accurate CFD study is probably still some way off, as more experimental data is 
needed for verification purposes. Nevertheless this is an area of great interest and remains 
the ultimate goal for the current battle damage work. 
6.6 Sensitivity of the Induced Flow Field to Variation in 
Penetration Angle 
All of the battle damage experiments up until now have been carried out with the 
longitudinal axis of the damage hole perpendicular to the model chord (i.e. both the entry 
and exit holes were at the same chord wise position). JICF studies have shown that 
significant changes to the penetration angle produced appreciable changes to the induced 
flow field. It is highly likely that this will also be the case for a battle damaged aerofoil 
with the entry and exit holes at different chordwise positions. It thought that if the 
penetration angle of the current flat plate aerofoil was varied appreciably such that the 
exit hole was further downstream from the entry hole, the jet is likely to exit through the 
entire hole area thus increasing the mass flow rate ratio. However, this is also likely to 
reduce the pressure differential as the suction pressures over the upper surface generally 
weaken towards the trailing edge, thus resulting in lower jet velocities. 
6.7 The Use of Adaptive Control Technology to Alleviate Battle 
Damage Effects 
A recent study into the effects of variation on flap deflection angle and camber has shown 
to have significant effects on the induced flow field. The authors concluded that the use 
of trailing edge controls and local camber variation (adaptive control technology) could 
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possibly alleviate some of the effects of battle damage. This is certainly an interesting 
revelation and an area that warrants further investigation. 
6.8 Three-Dimensional Effects on the Induced Flow Field 
All battle damage studies thus far have concentrated on infinite two-dimensional 
aerofoils. In reality, a finite wing would additionally encounter three-dimensional effects 
such as wing-tip vortices, and their influence on the induced flow field needs to be 
investigated. 
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ApPENDIXA 
THE FIVE HOLE PROBE TECHNIQUE 
Al. Introduction 
The Five Hole Probe (FHP) is a robust and reliable probe that can be used to measure local 
mean flow velocity, flow direction and stagnation pressure within a moving airstream. The 
probe basically consists of five individual tubes of equal diameter, each measuring pressure. 
It resembles a Pitot probe, with four additional tubes arranged symmetrically (two 
horizontally opposite to each other and two vertically opposite to each other) around a central 
tube, with the four perimeter tubes typically chamfered at a 45° angle (figure AI). The probe 
can be utilised in one of two ways; either in the "nulled" configuration or in the "non-nulled" 
configuration. 
Flow Vector 
/ 
..... -- Probe Axis 
PTR True Pitch angle 
PPS Pseudo Pitch angle 
YTR True Yaw angle 
YPS Pseudo Yaw angle 
Figure Al (from Ref. 58). Five Hole Probe 
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In the "nulled" configuration the probe is mounted on an appropriate orientation mechanism, 
which allows is to be rotated in both pitch and yaw, and subsequently inserted into the 
airstream. The probe is then systematically rotated through a series of pitch and yaw angles 
until the pressures sensed by the two opposing pairs of side tubes are equal. When this 
"balanced" or "nulled" orientation is reached the probe is basically aligned with the local 
flow direction, with the central tube basically acting as a standard Pitot tube and measuring 
the local stagnation pressure. The local dynamic pressure, which is a function of the 
difference in pressure between the central tube and the side tubes, can be obtained via a 
calibration chart. The local flow direction can be easily established by measuring the pitch 
and yaw angles of the orientation mechanism (and hence of the probe) relative to some 
chosen datum. 
In the "non-nu lied" configuration the probe is inserted into the airstream at a known and 
fixed attitude, usually in the direction of the freestream and pointing upstream, and the 
pressures measured by the five tubes are recorded. These pressures are then used to 
calculated non-dimensionalized yaw, pitch, dynamic pressure and stagnation pressure 
parameters, which on comparison with appropriate calihration charts allows the local flow 
velocity, direction, dynamic pressure and stagnation pressure (and hence static pressure) to be 
calculated. 
A2. "Nulled" VS. "Non-Nulled" Five-Hole-Probes 
Although the "nulled" configuration seems simple in theory, it is difficult and cumbersome to 
implement in practice due to two primary reasons; 
I. Access into the wind tunnel working sections are usually very limited, and the rotation of 
the probe in order to achieve a "balanced" condition, particularly in pitch, requires a 
complex and space consuming gimbal type mechanism. For closed working sections, this 
usually requires the probe orientation mechanism to be mounted within the working 
section which in turn obstructs the flow and causes undesirable secondary effects on the 
flow field. These effects can be highly exacerbated for small working setions where the 
blockage effects caused by the mechanism can be excessive. 
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2. Even when a suitable orientation mechanism is available, the process balancing the 
pressures of the opposing side tubes can be time-consuming and tedious, even with the 
aid of computer control. 
Additionally, even though this method allows the flow direction and the stagnation pressure 
to be calculated fairly easily, a significant effort is required during the calibration process and 
subsequent post-processing and reduction of data in order to obtain the flow velocities and 
static pressures. 
In contrast, the experimental effort can be significantly reduced with the "non-nulled" 
configuration although the amount of calibration required is greater. Nevertheless, the fact 
that this method eliminates the requirement for a complex orientation mechanism mounted 
(typically) within the working section, as the probe can be simply inserted into the flow at a 
fixed and constant attitude through a hole or slot in the wind tunnel wall, makes it particularly 
attractive for experimentalists and is probably the more popular of the two configurations. 
Although the initial effort required in calibrating the probe is greater, once calibrated, the 
subsequent post-processing and reduction of the raw data to yield the flow parameters is not 
too onerous in comparison to the "nulled" method, particularly with the computing power 
available through modem PC's. The four non-dimensionalized pressure parameters are, for 
most practical purposes, independent of the flow velocity so a single calibration is sufficient 
to enable measurements in a real flow where of course the velocity is variable and unknown. 
Consequently, it is the "non-nulled" method that was employed during the course of this 
investigation. 
The actual five-hole-probe used during the course of this investigation was manufactured "in-
house" at the Rolls-Royce University Teaching Centre (UTC) within Loughborough 
University'S department of Aeronautical & Automotive Engineering. The probe was made up 
of four stainless steel tubes soldered around a central tube, with each tube being of diameter 
0.5mm, thus giving an overall diameter across the probe head of approximately 1.7mm. The 
four perimeter tubes were chamfered at 45° to the probe head axis. 
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A3. Theory for the "non-nulled" Five-Hole-Probe 
Although the basic physics of how a "non-nulled" five-hole-probe is calibrated and used to 
extract flow properties is well established, there may be slight variations in the equations 
used to define the calibration parameters from one investigator to another. The following 
summary of the associated theory for a "non-nu lied" FHP is based on the techniques and 
assumptions on which probes are calibrated and used within the Rolls-Royce UTC at 
Loughborough University, the fundamentals of which are briefly explained below. A full 
description of the underlying theory and calibration procedure followed by the UTC is given 
in reference 58. 
The fundamental theory for a "non-nulled" FHP is based on the assumption that when it is 
pointed into the flow, the pressure sensed by any tube is the sum of the local static pressure 
and some fraction of the dynamic pressure. Thus; 
Pn = P, + K".q .................... (Al) 
Assuming that Mach number and Reynolds number effects are negligible, Kn depends only 
on the flow direction relative to tube n. This forms the basis for defining the non-
dimensionalized pressure parameters X, Y, Op and Sp (corresponding to pitch, yaw, dynamic 
pressure and stagnation pressure) as follows. 
YAW 
1+) _--1-_+ (-) 
(+) 4 
PITCH 
(-) 
Figure A2 (from Re! 58). Probe geometry 
showing the flow quadrants and tube numbering 
system 
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A3.1. Pitch Pressure Parameter, X 
Figure A2 shows the probe geometry and hole (tube) numbering system that was used 
throughout. It is also useful to envisage the flow approaching the hole divided into four 
quadrants as shown in figure A2., which gives a general indication of the flow direction. For 
example if both the pitch and yaw angles are positive, it is obvious that the flow is 
approaching from within quadrant 4. It can also be reasonably assumed that the pressure 
difference between the top and bottom holes (i.e. PI-P3) is representative of the pitch angle of 
the flow, which can then be non-dimensionalized by dividing by a some function of the 
dynamic pressure, say PS-Pi. The pitch pressure parameter X, which is independent of the 
freestream velocity, is thus defined as; 
X= ~-PB) 
(P5 - Pt) ........................... (A2) 
Substituting (A I) into (A2) gives; 
(}(~ - Ka) 
X = ~---:-:=-
<R;; - Kt) ........................... (A3) 
A3.2. Yaw Pressure Parameter, Y 
Similarly it can be assumed that the pressure difference between the two side holes (i.e. P2-
P4) is representative of the yaw angularity of the flow, and can be non-dimensionalized as 
before by some function of the dynamic pressure. The yaw pressure parameter Y, which is 
independent of the freestream velocity, is thus defined as: 
y = -::<P.~2 _--::P.J=-. 
(Ps - Pt) ........................... (A4) 
Substituting (AI) into (A4) gives; 
AS 
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y = __ (J(.~a_-",:,:K~c-
<Ks - Kt) """"".""".,,"",,. (AS) 
In general, the value of Kn depends only on the direction of the local flow vector in relation to 
tube n, so for a particular flow direction a unique pitch and yaw pressure parameter, X & Y, 
is obtained. The tube denoted by subscript "i" is chosen carefully so as to maximise the 
sensitivity of the technique over the entire calibration range and is discussed further in section 
A3.5. 
A3.3. Dynamic Pressure Parameter, Dp 
For a given flow direction the difference in pressure sensed by the centre tube and any of the 
four perimeter tubes is a function of flow velocity. Thus from equation (A I) it follows that; 
(Ps-Pj) = {Ps + Ks.q} - {Ps + Kj.q} = q(Ks-Kj) .. """".,,",, ...... ,," (A6) 
Defining the Dynamic Pressure Parameter, Dp as (Ks-Kj), which is a function of the flow 
direction alone, the local dynamic pressure can be expressed, non-dimensionalized, as; 
, <P. - Pt) q = ---=,5 =--"-
D P ".,,""""""",,",," (A7) 
A3.4. Stagnation Pressure Parameter, Sp 
Considering incompressible flow along a streamtube, from Bernoulli' s we get; 
Pt = Ps + q """"""".,,""""" (A8) 
Applying equation (AI) to tube number 5 and rearranging gives; 
Ps = Ps - Ks.q ""."""."""."."". (A9) 
Substituting (A9) into (A8) and rearranging gives; 
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Pt - Ps = q*(I-Ks) ........................... (AIO) 
Non-dimensionalize equation (AIO) by dividing both sides by (Ps - P;), noting that 
(Ps - P;) = q*(Ks - K;) gives; 
By defining the stagnation pressure parameter, Sp, as; 
s = (l-Ks) 
P (K5 - Kt> ........................... (AI2) 
The following expression is obtained; 
Pt = Ps + Sp*(Ps - P;) ........................... (AI3) 
A3.5. Choice of Perimeter Tube "i" 
As shown earlier the Pitch and Yaw pressure parameters X & Y are defined such that they 
both have the same denominator (Ps - P;). In practice the tube denoted by "i" is chosen so 
that X & Y yield sensible values at all times. For example, consider a flow vector 
approaching a FHP of cone angle <p, at some yaw angle '1'. (Figure A3) As 'I' increases 
towards <p/2, Pr"Ps, and (Ps - P4)--O. Clearly the choice of P; = P4 is unacceptable in this 
instance as both X & Y would approach 00. Thus in this situation it is preferable to set P; = P2, 
which leads to finite values of (Ps - P;) until the limit of e = <p/2 is reached, at which point 
hole 2 lies in the wake of the probe tip. 
In a real flow the flow angularities will vary in both pitch and yaw, and the usual practice is 
to choose P; as the smallest of the perimeter tube pressures, which corresponds to the most 
leeward tube of the probe. However, in theory P; can be chosen such that i can take any 
number from I to 4, irrespective of the flow direction, provided that the same rationale is 
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maintained during both the calibration process and post-processing of the actual experimental 
data. 
Figure A3 (from Re! 58). Flow angularity and cone angle 
A4. Probe Calibration 
As discussed previously, in order to use a FHP for flow measurements in the "non-nulled" 
configuration, the probe has to be pre-calibrated over the entire range of pitch and yaw angle 
combinations that it may encounter in real flows. This is done by mounting the probe on a 
suitable orientation mechanism and inserting into a freestream of known dynamic pressure. 
The probe is then rotated in both pitch and yaw over the range of interest and the pressures 
recorded by the five tubes, at each probe orientation point, stored in a data file. This data file 
is subsequently processed using a bespoke software programme to yield the previously 
defined pressure parameters X, Y, Dp and Sp which form the basis of the calibration file. The 
calibration file is the processed to obtain four separate calibration "maps" corresponding to 
each of the four pressure parameters. 
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A4.1. Test Facility 
The probe calibration facility at Loughborough University is located within the Rolls-Royce 
UTC. The probe is calibrated by placing it at the centre of the core flow within a test cell, 
where the freestream is provided by a convergent nozzle exhausting into the test cell. 
Ambient air is drawn through filters into a fan room and delivered to a plenum chamber via a 
diffuser. The clean air is then passed through an intake flare and subsequently a honeycomb 
flow straightener prior to being accelerated into the convergent nozzle and finally exhausted 
into the test cell. The maximum Mach number that can be attained at the nozzle exit is 
approximately 0.4. The probe is held by its stem on a twin-axis gimbal mechanism in such a 
way that the probe head lies on the axis of rotation of each gimbal, ensuing that it remains 
fixed in space at all probe attitudes. The entire calibration process is controlled by a PC via a 
l6-bit data acquisition system. It increases the centrifugal fan speed via a DC motor 
controller until the desired nozzle exit velocity, typically M=0.25, is reached and then 
maintains the flow at a constant velocity. A Pitot-Static probe is used to monitor the nozzle 
velocity, from which the dynamic and total pressures that are needed for calculating the full 
calibration data set are also obtained. All pressures are measured using "Fumess" differential 
pressure transducers, which have been estimated to be accurate to within ±O.5 mmH20. 
A4.2. Gimballing (Orientation) Mechanism 
The probe is mounted on a gimbal mechanism which allows it to be rotated over a range of 
pitch and yaw angles about two mutually perpendicular axes whilst maintaining the probe tip 
at a constant location. As can be seen from figure AI, the angularity of a flow vector 
approaching the probe is generally described in terms of the "true" pitch and "true" yaw 
angles. However, it is mechanically difficult to devise an orientation mechanism that allows 
the independent variation of these two angles without resorting to compound rotation of both 
gimbals. It is far more simple and convenient to rotate the probe about "true" pitch and 
"pseudo" yaw angles or vice versa. Consequently calibrations carried out at Loughborough 
University are done by varying the "pseudo" pitch (PPS) and "true" yaw (YTR) angles using 
a gimbal mechanism similar to that shown in figure A4, where the yaw gimbal is mounted on 
and rotated by the pitch gimbal. It is these angles (PPS & YTR) that are stored in the 
calibration data file. During subsequent post-processing of experimental data to yield the 
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flow angularities, the software programmes performing the data reduction recognises this 
fact, and applies suitable modifications to the theoretical equations. 
The probe is secured to the gimbals with the head initially aligned at 0° in both pitch and yaw 
which forms the datum position from which the calibration begins. These angles were 
measured using a set square (where the error has been estimated to be within ±O.l 0) placed on 
the nozzle exit plane, which is perpendicular to the flow direction. The rotation of the probe 
using the gimbals is controlled by two DC servomotors, employing closed loop feedback. 
The accuracy of the servomotors have been estimated to be within ±O.O I 0. Both gimbals have 
a maximum rotation limit of around ±45°, although in practice the maximum pitch and yaw 
angle calibration limits are typically ±36°. These limits are governed by the fact that the flow 
had been found to separate over the leeward side of the probe at around these angles. 
Pseudo Pitch Gimbal 
True Yaw Gimba I 
Figure A4 (from re! 58). Gimbal mechanism for orientating probe during calibration 
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A4.3. Calibration Procedure 
The freestream velocity is set to the required Mach number and the probe is initially rotated 
to the minimum pitch and yaw angle position (i.e. e = _36°, IjI = _36°). After allowing a short 
time period for the pressures sensed by the five tubes to settle, they are measured via the 
pressure transducers along with the freestream stagnation and dynamic pressures, and stored 
in a data file by the PC. The pitch and yaw pressure parameters (X & Y) and the dynamic and 
stagnation pressure parameters (Dp & Sp) are then calculated from the five tube pressures by 
the controlling software and stored in an array, along with the pitch and yaw angle of the 
probe at that particular attitude. With the pitch angle he·ld constant subsequent measurements 
are taken at increasing yaw angles up to the maximum of +36°, with the corresponding 
pressure parameters calculated as above and the data for each new probe attitude added as a 
new row to the array. The probe is then returned to the minimum yaw angle position (1jI = -
36°) and the pitch gimbal is rotated to the next increment and the above procedure repeated 
until the maximum pitch and yaw angle position (i.e. e = +36°, IjI = +36°) is reached. The 
array of data created during this calibration process is saved as a calibration file for later use, 
when post-processing actual experimental data. An example of a probe calibration file and 
the resultant calibration maps corresponding to X, Y, Dp & Sp are shown in figures AS to A 7. 
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TITLE = "5TUDENTS/S2/S2C1" 
VARIABLES = X, Y, PPS, YTR, DP, SP 
ZONE T = "DATA" 1= 29, J= 29 
-1.8495 1.7821 -36.00 -36.00 0.7549 1.4843 
-2.0125 1.6713 -36.00 -32.00 0.7263 1.4182 
-2.2437 1.5665 -36.00 -28.00 0.6795 1.3945 
-2.4327 1.4405 -36.00 -24.00 0.6500 1.3397 
-2.5875 1.2977 -36.00 -20.00 0.6289 1.2835 
-2.6920 1.2228 -36.00 -18.00 0.6168 1.2652 
-2.8068 1.1457 -36.00 -16.00 0.5997 1.2632 
-2.9252 1.0652 -36.00 -14.00 0.5881 1.2498 
-3.0469 0.9816 -36.00 -12.00 0.5678 1.2627 
-3.2203 0.8892 -36.00 -10.00 0.5455 1.2865 
-3.4084 0.7960 -36.00 -8.00 0.5215 1.3260 
-3.6065 0.6930 -36.00 -6.00 0.4967 1.3729 
-3.8466 0.5769 -36.00 -4.00 0.4703 1.4318 
-4.1226 0.4554 -36.00 -2.00 0.4401 1.5224 
-4.4456 0.3180 -36.00 0.00 0.4118 1.6239 
-4.8568 0.1572 -36.00 2.00 0.3772 1.7826 
-5.2372 -0.0161 -36.00 4.00 0.3489 1.9487 
-4.8431 -0.1707 -36.00 6.00 0.3816 1.8009 
-5.0575 -0.1233 -36.00 8.00 0.3692 1.8952 
-4.8627 -0.2394 -36.00 10.00 0.3867 1.8492 
-4.5986 -0.3808 -36.00 12.00 0.4114 1.7830 
Figure AS. Probe calibration data file 
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Contours of constant PPS Pitch 20 Nay 2007 STUDENTSIS2/S2C1 
2 
> 
o 
-1 
-4 -2 o 
X 
Contours of constant YTR Yaw 20 Nov 2007 STUDENTS/S2/S2C1 
2 
> 
-1 
-4 -2 o 
X 
2 4 
2 4 
Figure A6. Calibration maps of pitch parameter & yaw parameter 
A13 
Contours of constant 0 oamic Pressure Parameter 0 
2 
> 
o 
-1 
-4 -2 
Contours of constant Sta nation Pressure Parameter S 
2 
> 
-1 
ApPENDIX A. THE FIVE HOLE PROBE TECHNIQUE 
20 Noy 2007 STUDENTS/S2/S2C1 
o 
X 
2 4 
20 Noy 2007 STUDENTS/S2/S2C1 
X 
Figure A 7. Calibration maps of dynamic pressure & stagnation pressure 
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AS. Post-Processing of Experimental Data 
AS.t. General Overview 
The pressure data generated by the Five-Hole-Probe in a real flow is subsequently post-
processed in order to derive the local pitch angle, yaw angle, dynamic pressure and static 
pressure of the flow. This is done using three bespoke software programmes, written in 
FORTRAN 77, called 5HPI, 5HP2 and 5HP3 which are run sequentially, in the numerical 
order given here. Each programme essentially performs a basic task that is required in order 
for the raw pressure data to be converted into meaningful flow properties. Brief descriptions 
of their tasks are outlined below. 
AS.2. Post-Processing Software Programme - "SUPt" 
The basic task of "5HP I" is to calculate the pitch and yaw pressure parameters X & Y, from 
the raw pressure data generated during flow measurements. The algorithm for calculating X 
& Y is based on the equations and definitions outlined previously. However, this programme 
also performed two important tasks prior to calculating X & Y; 
Firstly it ensured that the data at each probe position was corrected for fluctuations in rig 
mass flow rate and standardized relative to a common rig operating condition. In this instance 
all pressure measurements were referenced with respect to the upstream static pressure. A 
dedicated Pitot-Static tube was used to constantly monitor the upstream dynamic pressure, 
and by physically connecting tubes 1 to 5 of the 5HP to one side of the pressure transducers 
and the static pressure port of the upstream Pitot-Static tube to the other side of the 
transducers all pressures were automatically obtained relative to the desired datum. However 
where this was not possible, for example if the transducers were of a small pressure range, the 
algorithm had a built-in sub-routine to correct the data as necessary. A more detailed 
explanation of this is given in reference 58. 
Secondly, the programme compensated for the fact that, since the probe was of finite size, the 
pressures measured by the five tubes were not exactly at the same position within the flow, 
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with only tube number S being at the correct location. This is achieved through interpolation 
of the side pressures onto the central measurement location. 
The programme created an output file containing the calculated values of X and Y together 
with the pressures P; and Ps at each data point within the measurement grid, which was 
subsequently used as an input file by the programme "SHP2". 
AS.3. Post-Processing Software Programme - "SHP2" 
The task of "SHP2" was to evaluate the values of pseudo pitch angle (PPS), yaw angle (YTR) 
and the dynamic and stagnation pressure parameters (Dp & Sp) at each (X, Y) data point 
output by SHP 1. This is done by matching the X & Y values calculated by SHP I with the 
calibration file, to extract the corresponding values of PPS, YTR, Dp and Sp. Extraction of 
these values are carried out by means of a "least squares" interpolation technique, which 
approximates localized areas of calibration data to either a plane or a bi-quadratic surface. 
The programme created an output file containing the calculated values of PPS, YTR, Dp and 
Sp together with the pressures P; and Ps at each data point within the measurement grid, 
which was subsequently used as an input file by the programme "SHP3". 
AS.4. Post-Processing Software Programme - "SHP3" 
The purpose of "SHP3" was to read in the output data produced by "SHP2" and, by using the 
dynamic and stagnation pressure parameters Dp and Sp, to calculate the total, dynamic and 
static pressure at each data point within the measurement grid. The flow angles computed by 
"SHP2" are the used together with the dynamic pressure to yield the various velocity 
components at each data point within the flowfield. 
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ApPENDIXB 
TRA VERSE MECHANISM & DATA ACQUISITION 
SOFTWARE DESIGN 
The design and implementation of the traverse mechanism and data acquisition software 
constituted a major component of the overall research programme. In order to obtain velocity 
data and understand the flow mechanisms associated with a battle-damaged flat plate aerofoil, 
it was necessary to be able to move a probe within the flowfield. This required some sort of 
traverse mechanism, which at the time was not available for the low-turbulence wind tunnel. 
Additionally it was essential that the measured data was of a high degree of accuracy and 
repeatability. Consequently a significant amount of time and resources were expended in 
designing and implementing a traverse mechanism to achieve these objectives. 
Bl Design of the Traverse Mechanism 
B1.1 Conceptual Design 
There were two basic designs considered for the traverse mechanism. The first was to mount 
the traverse above the wind tunnel with the probe inserted into the working section through 
the top wall, whilst the second design involved mounting the traverse inside the tunnel in the 
diffuser section. The advantage of the latter configuration was that it allowed unrestricted 
movements in all translational and rotational axes. However the main drawback was the 
adverse interference effects caused by its blockage of the flow, and also secondary effects 
such as the changes to the ambient flow conditions due to heat generated by the stepper 
motors, which were believed to cause significant perturbations to the freestream flow 
conditions. Ultimately it was decided that, due to the relatively small size of the wind tunnel, 
the advantages offered by this configuration were far out-weighed by its drawbacks and so it 
was decided to mount the traverse mechanism outside the tunnel. Thus, the most obvious 
place to locate the traverse mechanism was on top of the working section, with the probe 
inserted through a slot in the top wall. (Refer figure B I) 
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The next design criterion was the orientation of the measurement planes. As the traverse 
mechanism was outside the wind tunnel, and the probe inserted through a slot in the top wall, 
it was only realistically possible to move the probe in two dimensions; either in the x-z plane 
or in the y-z plane. Thus the measurements would be automated over the chosen 2-D plane, 
whilst 3-D measurements over the flowfield could be achieved by physically moving the 
traverse to the next spanwise or streamwise measurement plane. This required certain 
knowledge of the associated flowfield, and it was known at this stage from previous research 
carried out, that the flowfield closely resembled that due to a jet issuing onto a crossflow. 
Consequently, the ideal measurement plane was the x-z plane, as this allowed the resolution 
of the measurement grid to be varied depending on its proximity to the damage hole 9where 
the greatest flow perturbations occurred), and also allow measurements to be taken along the 
model axes" as the data acquisition software could easily be programmed to account for the 
angle of attack via the stepper motors. However, this orientation required a ball-screw in 
excess of lm in order to traverse the full length of the working section. The quality of the 
ball-screw was crucial to achieving a high degree of repeatability, and ideally it would not 
have any backlash errors'. Additionally, the ball-screw needed to be have sufficient bending 
stiffness to ensure that it would function smoothly, and also to ensure that it did not induce 
movements in the z-axis (as the probe was traversed along the x-axis) by deflecting 
excessively. For a particular material and a given load, the deflection is proportional to the 
cube of the length, and inversely proportional to the stiffness. (i.e. ~z 0< L3, and ~z 0< Ill, 
where ~z = induced movement in z-axis due to deflection of ball-screw, L = length of ball-
screw between supports and I = Stiffness). Thus as the length of the ball-crew increased its 
required stiffness (and hence diameter) increased rapidly in order to maintain deflections 
within allowable limits. Consequently the cost of a ball-screw in excess of lm, and one which 
satisfied the necessary criteria, proved to be prohibitive considering the available budget for 
the research and it was decided to automate measurements in the y-z plane, which reduced the 
length of the ball-screw to approximately 350mm . 
... When the model angle of attack was not equal to zero, the model axes no longer coincided whh the tunnel 
axes. 
§ The cost of a good quality ball-screw was not insignificant, with the cost rising rapidly with the length and 
diameter of the ball-screw. 
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Figure HI. Illustration of traverse mechanism mounted on top of wind tunnel 
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The basic arrangement of the traverse mechanism is shown in figure ?/.?? The entire traverse 
mechanism was basically mounted on top of two linear bearings running along two 40mm 
diameter stainless-steel rods, parallel to each other, and along the streamwise length (x-axis) 
of the working section, allowing discrete movements in the x-axis. It can be visualized as an 
automated 2-D traverse mechanism (in the y-z plane) mounted on top of a discrete, manual, 
linear (I-D) traverse in the x-axis, combining to allow overall traverse movements in all three 
dimensions. The automated 2-D traverse can be further split into two (y, z) components; 
movements in the y-axis was achieved using a stepper motor which rotated the main 
horizontal ball-screw discussed above, whilst movement in the z-axis was achieved using a 
second stepper motor controlling another ball-screw in the vertical z-axis. Due to the vertical 
orientation of this latter (z-axis) ball-screw, it was of a much smaller diameter than the 
primary (y-axis) ball-screw as it was only loaded axially and therefore did not have the 
Stepper mo1ur [OrrIrolling ~ 
mO'l'ement in z-axis. ........ , 
Prob, support angl'~ 
'" Stepper motor [orrtrolling --......... 
rno'l'ement in y-axis ..... 
40mm Dilmt!ter __ ~ 
stninless steel 
rods 
Z-axis. bnll-scre'W 
. " ~ 'TOil probe YD'W 
/ /11 e mljl£tor 
=v-__ Y-nxis tnll-scr&.' 
.'---_+-+ __ +_ Unooc b,arings -
.o".,nt along x-oxis 
7 
y 
X 
Fif(ure B2. Traverse mechanism assembly 
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deflection issues due to bending discussed previously. Connected to the z-axis traverse was a 
support angle containing a "top hat" type probe yaw angle adjustor on top and a rotary 
position sensor underneath. The probe passed through both the "top hat" probe adjustor and 
the rotary position sensor, and was held in place by the "top hat" via a grub-screw that was 
tightened against the probe stem. The rotary position sensor, which rotated with the probe, 
allowed the change in yaw angle of the probe to be measured accurately. As it was rotated it 
generated a voltage, with the voltage value depending on the degree of rotation. The voltage 
output from the RPS was fed into the eIL data acquisition system, which converted it into a 
corresponding binary code. This was then read off by the controlling software programme, 
from which the yaw angle of the probe was determined". 
f'[fE slider ___ , 
o 
o 
Probe irr.;erted into the \lorking 
~-""7<E---;o;---';:"'~ sedioo thrru!l1 Pm: ~lider nnd sltt 
~_--'>", ___ Wooden "lIlck"," 
o 
~-"""""'d,.L---:77~,.L-_Ie!lled slet 
Cut-at in bcttO'l1 
~ __ hatch for turrtlltie 
/' 
Figure B3. Top hatch assembly 
•• Refer chapter 3 for an explanation on how the probe was initially aligned with the freestream. 
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The probe passed through a PTFE slider and into the working section through a sealed slot. 
The PTFE slider sat within a grooved slot (along the y-axis) on top of a wooden block that 
was part of the top hatch of the wind tunnel. The slot was sealed using two strips of 
commercial foam sealant, with the probe forced through it. This ensured that any leakage 
through the opening in the sealant (as it parted around the probe) was minimal, which in any 
case was further reduced by the PTFE slider which sat directly above it. The wooden block 
was connected to the x-axis linear bearings and thus moved with them. The openings on the 
top hatch on either side of the wooden block were filled up with packing units, which are 
effectively tightly packed segments of the top hatch of varying thickness, thus completely 
blocking the top opening of the wind tunnel and forming a more or less air tight top "hatch". 
82. Data Acquisition Software Design 
The entire data acquisition process, including traversing of the probe and extracting thc 
flowfield data measured by it, was controlled via a PC using a bespoke software programme 
written in QBasic called "5HP _DAS". Whilst QBasic is a somewhat antiquated software 
language, it nevertheless has the advantage of being relatively quick and simple to code. 
Additionally, the available data acquisition hardware (i.e. the CIL data acquisition system) 
was only compatible with QBasic. The coding of this software programme, and its subsequent 
testing, de-bugging and validation processes involved a considerable amount of time and 
effort and constituted a major part of the overall research programme. 
B2.1 Data Acquisition Hardware 
The data acquisition hardware system effectively consisted of a several Analogue-to-Digital 
(ADC) converters, referred to as channels, of which the "Alpha-A" channels were connected 
to the pressure transducers, the "Alpha-K" channel was connected to the thermocouple and 
the "Alpha-S" channels were connected to the two stepper motors. Only the "Alpha-S" 
channel had the ability to both send and receive information to and from the Pc. Thus when 
the software programme sent a command (in binary code) to this channel, it would convert it 
to a series corresponding analogue voltage pulses and move the stepper motor by the 
appropriate amount, and then send a command back to the PC thus enabling it to be "aware" 
of where the probe was currently located. The "Alpha-A" and "Alpha-K" channels could only 
B6 
APPENDIX B. TRAVERSE MECHANISM & DATA ACQUISITION SOFTWARE DESIGN 
receive commands and would convert the voltage signals output by the pressure transducers 
and the thermocouple to corresponding binary code, from which the resultant pressure and 
temperature data was yielded. 
B2.2 Overview of Data Acquisition Software 
The basic task of the "5HP _DAS" software programme was to carry out automated flowfield 
measurements over the 2-D traverse grid specificd by the user, with the resultant raw pressure 
and temperature data stored in a series of data files, each corresponding to a particular z-axis 
traverse. Thus once the 2-D traverse grid was specified by the user, the software programme 
controlled the stepper motors and carried out the measurements at successive data points in an 
orderly sequence. At each data point, the probe was allowed to settle for a specific time 
period, and measurements were carried out and time-averaged over a sampling period which 
was specified by the user. In addition to the time-averaging of the measurements over this 
sample period, the "Alpha-A" and "Alpha-K" channels sampled the pressure transducer and 
thermocouple voltages at a frequency of 100 Hz (subsequently outputting a time-averaged 
value), thereby creating a secondary layer of time-averaging. Thus at each measurement 
point, the "Alpha-A" and "Alpha-K" channels produced a time-averaged voltage value, at a 
frequency of 100 Hz, which was then stored in a temporary array by the software. This 
process was then repeated over the specified sampling period and the pressure and 
temperature values stored in the arrays were averaged out once more over the sampling period 
to yield the final time-averaged measurements for that grid point. 
The mean pressure and temperature data thus measured were then temporarily stored in 
another data array, with each column of the array generally corresponding to either a pressure 
from one of the holes of the five-hole-probe or the temperature, and each row corresponding 
to a data point along the z-axis. Once a particular z-axis traverse was completed, the data in 
the array were printed to a data file corresponding to that particular z-axis traverse. Thus 
during the course of data measurements in each 2-D plane, a number of data files were 
created corresponding to the total number of y-axis data points specified by the user for that 
measurement plane. These files were then combined to form a large data file specific to that 
2-D measurement plane, in a format that is compatible with the five-hole-probe post-
processing software programmes (refer appendix A). 
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The main control programme was structured in such a way so that a series of sub-routines 
were called up to perform the main tasks. For example, the sub-routine "TRA VGRID" carried 
out the task of getting the parameters of the 2-D traverse grid from the user, from which all 
the data points were calculated and stored in an array. This allowed the sub-routines 
"YMOVE", "ZMOVE", "YRESET" and "ZRESET", which controlled the stepper motors 
and hence the movement of the traverse, to determine the amount of movement required 
between successive data points. The sub-routine "SETTLINGPROBE" let the probe settle 
after it had moved to its next data point, by a time period measured by the user. The sub-
routine "CILCall" carried out the time-averaged data measurements over the user specified 
sampling period and stored them in a temporary data array. At each successive grid point the 
sub-routine "OUTPUTDA T A" printed the measured data on to the screen, whilst the sub-
routine "WRITETOFILE" performed the task of creating and storing the data files (at a 
filepath specified by the user) for post-processing. The algorithm for the main control 
programme and its associated sub-routines are given in section B2.3. A flow chart of the 
programme structure is given in section B2.4. The full QBasic programme code is given in 
section B2.5. 
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B2.4 "5HP _DAS" Software "Top-Down" design algorithm for main control 
programme 
1. Declare subroutines 
2. Declare arrays 
3. Declare variables 
4. Clear screen: Clears screen of any previous output 
5. Call subroutine TRA VGRID: This subroutine asks the user to specify the full two-
dimensional traverse grid in the y-z plane. It allows each axis to be divided into a number 
a segments in order to refine the grid resolution as appropriate. 
6. Call subroutine DISPLAY: This subroutine draws the output panel onto the screen, to 
which the probe coordinates, measured pressure, velocity and temperature data are printed 
during the course of the test run. 
7. Set dimensions of viewport and colours. 
8. Prompts for user inputs: The following variables are set by the user. Date, filepath, 
ambient pressure, probe diameter, probe yaw angle, x-coordinate (streamwise station) of 
measurement plane and test-run number. 
9. Prompts the user to select an option: "Take pressure transducer tare values? (YIN):" This 
option allows the user to decide whether to measure the residual voltage values output by 
the pressure transducers. These residual voltages are then subsequently subtracted from 
the actual voltages output during flow field measurements. 
• If Yes, then proceed to step \0. 
• If No, then proceed to step 13. 
\0. Print message to screen: "PLEASE WAIT ... SAMPLING PRESSURE TRANSDUCER 
TARE VALUES ... " 
11. Call subroutine "PrTransTare" : This subroutine measures the time-averaged pressure 
transducer tare voltages over a user defined time period (default value is \Os) and stores 
them in an array. 
12. Print message to screen: "SAMPLING COMPLETED IN ## SECONDS" 
13. Prompts the user to select an option: "PROCEED WITH DATA ACQUISITION? .. 
(Y IN):" This prompt allows the user the option of terminating the programme at this 
stage. 
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• If Yes, then proceed to step 14. 
• If No, then proceed to step 52. 
14. Prompts for user input: Requests user for probe settling duration. Default value is set at 
IOs. 
15. Prompts for user input: Requests user for data sampling duration. Default value is set at 
20s. 
16. Print message to screen: "DATA SAMPLING HAS BEEN INITIATED ... " 
17. Sets the variable "YTrav" = l. The y-axis was previously divided into a discrete number 
of data points by the user in step 5. This variable effectively counts the current number of 
y-axis data point and is used to monitor the y-axis movement of the probe. When "YTrav" 
reaches its final value the probe is re-set to its origin. 
18. Prints the headers for the output panel and the x-axis coordinate and probe yaw angle to 
screen. 
19. Start Loop while "YTrav" < "YTravPoints" 
20. Sets the variable "row%" to 1. This variable corresponds to the row number within the 
data arrays which are used to store the measured flow field data. As the probe moves to 
each successive z-axis data point the variable "row%" is incremented by I. Thus each row 
within a particular data array corresponds to a specific z-axis measurement point. 
21. Create datafile for output using current run-number and traverse-number and the 
previously specified filepath. 
22. Sets the variables "MeanDynHd!", "MeanDynHdSum!", "MeanTemp!" & 
"MeanTempSum!" to zero. These variables are used to calculate the mean values of the 
freestream dynamic head and temperature for each test-run corresponding to every z-axis 
traverse. The dynamic head and temperature are measured at each data point and the 
values added to the variables "MeanDynHdSum!" and "MeanTempSum!" respectively 
before being divided by the total number of z-axis data points to yield the corresponding 
mean values for that traverse run. 
23. Prints the current y-axis coordinate of probe (i.e. value of "YTrav") to screen. 
24. Sets the variable "ZTrav" = 1. The z-axis was previously divided into a discrete number 
of data points by the user in step 5 ("ZTravPoints"). This variable effectively counts the 
current number of z-axis data point and is used to monitor the z-axis movement of the 
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probe. When "ZTrav" reaches its final value (i.e. "ZTravPoints"), the probe is re-set to its 
z-axis origin and then subsequently moved to the next y-axis coordinate. 
25. Start Loop while "ZTrav" < "ZTravPoints" 
26. Prints current z-axis coordinate of probe to screen. 
27. Calls subroutine "SETTLINGPROBE". This subroutine allows a short, user defined, time 
period for the probe to settle and for the flow to reach a quasi-steady state. 
28. Calls subroutine "CILCall". This subroutine initiates the data acquisition process. The 
software samples the "Alpha-A" and "Alpha-K" channels of the CIL data acquisition unit. 
The "Alpha-A" channel outputs the binary code corresponding to the voltages from the 
pressure transducers connected to the five-hole-probe and the pitot-static probe, whilst the 
"Alpha-K" channel outputs the binary code corresponding to the voltages from the 
thermocouple. Measurements are time averaged at a frequency of 100Hz (specified in the 
command to the Alpha-A card) over the sample period specified by the user. The pressure 
transducer voltages are converted to binary code (bits) using the appropriate bit scaling 
factors as defined by the gain setting in the command to the "Alpha-A" channel. These 
binary values are subsequently converted into corresponding pressure, velocity and 
temperature data and stored in the row number corresponding to the variable "row%" in 
tli" data arrays. 
29. Calls subroutine "OUTPUTDATA". This subroutines prints the measured pressure, 
veloci ty and temperature data to the screen. 
30. Calls subroutine "ZMOVE". This subroutine moves the probe to the next z-axIs 
coordinate within the traverse grid specified by the user in step 5. 
31. Increment the variable "row%" by I. This indicates that the next set of measurements will 
be stored in the next row of the data arrays. 
32. Increment the variable "ZTrav" by I. 
33. Check if "ZTrav" < "ZTravPoints". 
• If YES, then go to step 25. 
• If NO, then go to step 34. 
34. Prints current z-axis coordinate of probe (i.e. value of variable "ZTrav") to screen. 
35. Calls subroutine "SETTLINPROBE". The software now initiates measurements at the 
final z-axis data point for this particular y-axis coordinate. 
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36. Calls subroutine "CILCall". 
37. Calls subroutine "OUTPUTDATA". 
38. Calls subroutine "WRITETOFILE". This subroutine writes the measured data for the 
entire z-axis traverse, currently stored in data arrays, to the output file. 
39. Calls subroutine "ZRESET". This subroutine returns the probe to its starting z-aXIS 
coordinate. All data measurements for the z-axis traverse (at this particular y-axIs 
coordinate) have now been completed. 
40. Calls subroutine "YMOVE". This subroutine moves the probe to the next y-axis 
coordinate within the traverse grid specified by the user in step 5. 
41. Increment the variable "YTrav" by I. 
42. Check if "YTrav" < "YTravPoints". 
• If YES, then go to step 19. 
• If NO, then go to step 43. 
43. Re-sets the variables "MeanDynHd!", "MeanDynHdSum!", "MeanTemp!" & 
"MeanTempSum!" to zero. These variables are re-set to zero in preparation for 
calculating the mean values for the next traverse run at the new y-axis station. 
44. Prints the current y-axis coordinate of probe (i.e. value of "YTrav") to screen. 
45. Sets the variable "ZTrav" to I. By setting "ZTrav"=1 the programme recognizes that this 
is the first z-axis data point at this new y-axis station. 
46. Start loop while "ZTrav" < "ZTravPoints" 
47. Repeat steps 26 to 32. This is the final z-axis traverse. 
48. Check if "ZTrav" < "ZTravPoints". 
• If YES, then go to step 46. 
• If NO, then go to step 49, which initiates the measurement process for the final z-
axis data point. 
49. Repeat steps 34 to 38. 
50. Calls subroutine "ZRESET". This subroutine returns the probe to its initial z-axis 
coordinate. 
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51. Calls subroutine "YRESET". This subroutine returns the probe to its initial y-axis 
coordinate, and hence the origin of the measurement grid. 
52. Po gramme End. 
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B2.4 Flowchart illustrating "SHP _DAS" programme structure 
START 
-S-
Declare Declare Declare >-subroutines arrays variables 
I '\ / '\ 
Call subroutine Call subroutine Clear the 
"-
"DISPLAY" 
"-
"TRAVG RI D" screen 
Set viewport 1 Pri nt message 
"PLEASE WAIT ... 
SAMPLING PRESSURE 
TRANSDUCER TARE 
User inputs: VALUES" 
Date, Filepath, Ambient 
pressure, Probe diam., Probe 
yaw angle, X-Pas of probe, Yes / '\ Test run number Call subroutine 
\.. 
"PrTransTare" 
User Option 
Take pressure 
Pri nt message transducer tare 
values IY IN)? "SAMPLING COMPLETED IN 
## SECONDS" 
-0 
User Option 
Proceed with data 
acquisition (Y/N)? 
Yes No END 
User inputs: Print message Set 
Probe settling duration "Data acquisition has 
"YTrav"=l 
Data sampling duration been initiated ... " 
I 
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Print: 
Loop While; Screen output header, I-
"YTray" <"YTravPoints" X-Position, 
Probe Yaw Angle 
Set 
"row%"=l 
Create Output file 
using current run and 
traverse number 
("YTrav"J Loop While; 
"ZTrav" <"ZTravPoints" 
Set variables; ~ 
"MeanDynHdt"=O Print to screen 
"MeanDynHdSum!"=O Current Z-Pas of probe 
"MeanTemp!"=Q 
IIMeanTempSum!"=O ~ 
Call subroutine 
"SETTLlNGPROBE" Print to screen 
~ Yes Current V-Pas of probe 
. 
Call sUbroutine) 
"(IL(al!" 
Set ~ 
"ZTrav"=l 
Call subroutine 
"OUTPUTDATA" 
J 
Call subroutine 
"ZMOVE" 
~ 
Set 
"ZTrav"="ZTrav" +1 
"row%" = "row%" +1 
~ 
No Check if; I ~ "ZTrav" <"ZTravPoints" 
~ 
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Print to screen 
Current Z·Pos of probe 
Call subroutine 
"SETTlINGPROBE" 
Call subroutine 
"(IL(al!" 
Call subroutine 
"OUTPUTDATA" 
Call subroutine 
"WRITETDFILE" 
Call subroutine 
"ZRESET" 
Call subroutine 
"YMOVE" 
Set 
"YTrav"="YTrav" +1 
Check if; 
"VT rav" <"YTravPoints" 
No 
No 
Set variables; 
"MeanOynHd!"=O 
"MeanDynHdSum!"=Q 
"MeanTemp!"=Q 
"MeanTempSum!"=O 
Print to screen 
Current V-Pas of probe 
Set 
"ZTrav"=l 
Loop While; 
"ZTrav" <"ZTravPoints" 
Print to screen 
Current Z-Pas of probe 
Call subroutine 
"SETTLlNGPROBE" 
Call subroutine 
"(IL(al!" 
Call subroutine 
"OUTPUTDATA" 
Call subroutine 
"ZMOVE" 
Set 
"ZTrav"="ZTrav" +1 
"row%" = "row%" +1 
Check if; 
"ZTrav" <"ZTravPoints" 
Yes 
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Print to screen 
Current Z-Pos of probe 
Call subroutine 
"SETTLING PROBE" 
Call subroutine 
"CILCall" 
Call subroutine 
"QUTPUTDATA" 
Call subroutine 
"WRITETOFILE" 
Call subroutine 
"ZRESET" 
Call subroutine 
"YRESET" 
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B2.5 "5HP _DAS" Software programme code 
REM MAIN CONTROL PROGRAMME 
DECLARE SUB WRITETOFILE I) 
DECLARE SUB ZRESET () 
DECLARE SUB YRESET I) 
DECLARE SUB OUTPUTDATA I) 
DECLARE SUB YMOVE I) 
DECLARE SUB ZMOVE I) 
DECLARE SUB SETTLINGPROBE I) 
DECLARE SUB CILCaii IDataArrayl), SampieTime%, DynamieHeadl), row%, 
ZAxisArray(), ZTrav, Ambient!) 
DECLARE SUB PrTransTare I) 
DECLARE SUB TRAVGRID I) 
DECLARE SUB DISPLAY I) 
DIM SHARED PrTransTarel%(l TO 6) 
DIM SHARED PrTransTare211 TO 6) 
DIM SHARED PrTransl%ll TO 6) 
DIM SHARED PrTrans211 TO 6) 
DIM SHARED DynamieHeadll TO 6) 
DIM SHARED theta I 1 TO 6) 
DIM SHARED xpointll TO 6) 
DIM SHARED ypoint 11 TO 6) 
DIM SHARED ThermoCouple%ll TO 1) 
DIM SHARED DataArrayl200, 8 ) 
DIM SHARED YAxisArrayll TO 200) 
DIM SHARED ZAxisArrayll TO 200) 
COMMON SHARED SampleTime%, row%, count%, ZTrav, YTrav, ZTravPoints, 
YTravFoints 
COMMON SHARED MeanTemp!, MeanTempSum!, MeanDynHd!, MeanDynHdSum!, 
PROBESETTLE% 
COMMON SHARED probeYawAngle!, response2!, responseS, Ambient! 
CLS 
CALL TRAVGRID 
CALL DISPLAY 
VIEW 120, 315)-1610, 447) 
COLOR 15 
outputS - "PLEASE ENTER THE DATE ... " 
xioe - 180 - LENloutput$)) / 2 
LOCATE 24, xioe 
INPUT; I'PLEASE ENTER THE DATE ... ", TDateS 
LOCATE 24, xioe 
FOR i 0 TO LENloutput$) + 8 
PRINT 11 "; 
NEXT 
responseS"'" "" 
outputS - "PLEASE ENTER THE FILEPATH FOR DATA FILE [DEFAULT IS a:\J ... " 
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xloc = (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
INPUT; "PLEASE ENTER THE FILEPATH FOR DATA FILE [DEFAULT IS a: \] ... "; 
responseS 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 4 
PRINT" n i 
NEXT 
IF responseS 
diskdriveS 
ELSE 
diskdriveS 
END IF 
responseS = " .. 
"" THEN 
"a:\" 
responseS 
outputS = "PLEASE ENTER THE AMBIENT PRESSURE [mrnHg] ... " 
xloc = (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
INPUT; "PLEASE ENTER THE AMBIENT PRESSURE [mmHg] ... ", Ambient! 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 4 
PRINT" n; 
NEXT 
outputS = "PLEASE ENTER THE PROBE DIAMETER [DEFAULT: 1.72mrn FOR 5HP] 
xloc = (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
INPUT; "PLEASE ENTER THE PROBE DIAMETER [DEFAULT: 1.72mrn FOR 5HP] ... ", 
responseS 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 4 
PRINT " "; 
NEXT 
IF responseS "" THEN 
PDiam 1.72 
ELSE 
PDiam 
END IF 
responseS 
VAL (responseS) 
" " 
response2! = 0 
outputS = "PLEASE ENTER THE PROBE YAW ANGLE [DEFAULT: 0 deg] 
xloc = (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
" 
" 
INPUT; "PLEASE ENTER THE PROBE YAW ANGLE [DEFAULT: 0 deg] ... ", response2! 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 5 
PRINT" 11; 
NEXT 
IF response2! = 0 THEN 
ProbeYawAngle! = 0 
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ELSE 
ProbeYawAngle! response2! 
END IF 
outputS ~ "PLEASE ENTER THE X-COORDINATE OF THE PROBE LOCATION ... " 
xloc ~ (80 - LEN(output$)) I 2 
LOCATE 24, xloc 
INPUT ; "PLEASE ENTER THE X-COORDINATE OF THE PROBE LOCATION ... "; Xcdnt 
LOCATE 24, xloc 
FOR i 0 TO LEN(output$) + 5 
PRINT " "; 
NEXT 
outputS ~ "PLEASE ENTER THE TEST-RUN NUMBER ... " 
xloc ~ (80 - LEN(output$)) I 2 
LOCATE 24, xloc 
INPUT; "PLEASE ENTER THE TEST-RUN NUMBER ... "; RunNum$ 
LOCATE 24, xloc 
FOR i 0 TO LEN(output$) + 3 
PRINT " "; 
NEXT 
outputS ~ "TAKE PRES SURE TRANSDUCER TARE VALUES ... Y IN?" 
xloc ~ (80 - LEN(output$)) I 2 
LOCATE 24, xloc 
INPUT; "TAKE PRESSURE TRANSDUCER TARE VALUES ... Y/N?", responseS 
LOCATE 24, xloc 
FOR i 0 TO LEN(output$) + 2 
PRINT 11 "; 
NEXT 
IF responseS = "Y" THEN 
END IF 
outputS ~ "PLEASE WAIT ... SAMPLING TRANSDUCER TARE VALUES .. " 
xloc ~ (80 - LEN(output$)) I 2 
LOCATE 24, xloc 
PRINT outputS 
CALL PrTransTare 
LOCATE 24, xloc 
FOR i 0 TO LEN(output$) 
PRINT" n; 
NEXT 
outputS ~ "SAMPLING COMPLETED IN 10 SECONDS .. " 
xloc ~ (80 - LEN(output$)) I 2 
LOCATE 24, xloc 
PRINT outputS 
FOR i ~ 1 TO 500000 
NEXT 
responseS "" 
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LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) 
PRINT n; 
NEXT 
outputS ~ "PROCEED WITH DATA ACQUISITION .. Y/N?" 
xloc ~ (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
INPUT "PROCEED WITH DATA ACQUISITION .. Y/N?", responseS 
IF responseS = "Y" THEN 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 2 
PRINT " "; 
NEXT 
responseS = "" 
outputS ~ "PLEASE ENTER THE PROBE SETTLING DURATION [Default: 10s] ... " 
xloc ~ (80 - LEN(outputS)) / 2 
LOCATE 24, x10c 
INPUT "PLEASE ENTER THE PROBE SETTLING DURATION [Default: 10s] ... ", 
responseS 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 2 
PRINT " "; 
NEXT 
IF responseS 11.1 THEN 
PROBESETTLE% 10 
ELSE 
PROBESETTLE% 
END IF 
responseS = "" 
VAL(responseS) 
outputS ~ "PLEASE ENTER THE DATA SAMPLING DURATION ... " 
xloc ~ (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
INPUT "PLEASE ENTER THE DATA SAMPLING DURATION ... ", SampleTime% 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) + 2 
PRINT 11 "; 
NEXT 
COLOR 2 
outputS ~ "DATA ACQUISITION HAS BEEN INITIATED .. " 
xloc ~ (80 - LEN(outputS)) / 2 
LOCATE 24, xloc 
PRINT outputS 
FOR i ~ 0 TO 500000 
NEXT 
LOCATE 24, xloc 
FOR i 0 TO LEN(outputS) 
PRINT" u; 
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NEXT 
MRate% 300 
MDemand% CINT(MRate% I 1) 
YTrav 1 
COLOR 1 
LOCATE 21, 5 
PRINT TAB(?); nz_pos"; TAB(1?); "CHANl"i TAB(27); "CHAN2"; TAB(37); 
"CHAN3"; TAB(47)i "CHAN4"; TAB(S?); "CHANS" 
COLOR 2 
LOCATE 14, 38 
PRINT USING """.11"; Xcdnt 
LOCATE 17, 38 
PRINT USING "." •.• #"; ProbeYawAngle! 
DO 
row% = 1 
IF YTrav < 10 THEN 
TravNum$ 
ELSE 
TravNurn$ 
END IF 
RIGHT$(STR$(YTrav), 1) 
RIGHT$(STR$(YTrav), 2) 
Filename$ 
Filepath$ 
I'RI! + RunNurn$ + "T" + TravNum$ 
diskdriveS + FilenameS + ".OAT" 
MeanDynHdSum! = 0 
MeanDynHd! ~ 0 
MeanTempSum! = 0 
MeanTemp! = 0 
LOCATE 15, 38 
PRINT USING "####.##"; YAxisArray(YTrav) 
ZTrav ~ 1 
DO 
LOCATE 16, 38 
PRINT USING "#",.""; ZAxisArray(ZTrav) 
CALL SETTLINGPROBE 
CALL CILCall(DataArray(), SampleTime%, DynarnicHead(), row%, 
ZAxisArray(), ZTrav, Ambient!) 
CALL OUTPUT DATA 
CALL ZMOVE 
MeanDynHdSum! = MeanDynHdSum! + DataArray(row%, 7) 
MeanTempSum! = MeanTempSum! + DataArray(row%, 8) 
row% = row!! + 1 
ZTrav = ZTrav + 1 
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LOOP WHILE ZTrav < ZTravPoints 
LOCATE 16, 38 
PRINT USING "1111.11"; ZAxisArray(ZTrav) 
CALL SETTLINGPROBE 
CALL CILCall(DataArray(), SampleTime%, DynamicHead(), row%, 
ZAxisArray(), ZTrav, Ambient!) 
CALL OUTPUTDATA 
MeanDynHdSum! = MeanDynHdSum! + DataArray(row%, 7) 
MeanTempSum! = MeanTempSum! + DataArray(row%, 8) 
FOR i = 1 TO 800000 
NEXT 
FOR r = 22 TO 29 
LOCATE r, 5 
PRINT " 
NEXT 
CALL WRITETOFILE 
CALL ZRESET 
CALL YMOVE 
LOCATE 24, xloc 
FOR i 0 TO LEN(output$) 
PRINT" "; 
NEXT 
YTrav = YTrav + 1 
LOOP WHILE YTrav < YTravpoints 
row% = 1 
IF YTrav < 10 THEN 
TravNum$ 
ELSE 
TravNum$ 
END IF 
Filename$ 
Filepath$ 
RIGHT$(STR$(YTrav), 1) 
RIGHT$(STR$(YTrav), 2) 
"R" + RunNurnS + "T" + TravNum$ 
diskdrive$ + Filenarne$ + ".DAT" 
MeanDynHdSum! = 0 
MeanDynHd! = 0 
MeanTempSum! = 0 
MeanTemp! = 0 
COLOR 2 
LOCATE 15, 38 
PRINT USING "1111.11"; YAxisArray(YTrav) 
ZTrav = 1 
DO 
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LOCATE 16, 38 
PRINT USING "1111.11"; ZAxisArray(ZTrav) 
CALL SETTLINGPROBE 
CALL CILCall(DataArray(), SampleTime%, DynarnicHead(ll row%, 
ZAxisArray(), ZTrav, Ambient!) 
CALL OUTPUT DATA 
CALL ZMOVE 
MeanDynHdSum! = MeanDynHdSum! + DataArray(row%, 7) 
MeanTempSum! = MeanTempSurn! + DataArray(row%, 8) 
row% = row% + 1 
ZTrav = ZTrav + 1 
LOOP WHILE ZTrav < ZTravFoints 
COLOR 2 
LOCATE 16, 38 
PRINT USING "1111.11"; ZAxisArray(ZTrav) 
CALL SETTLINGPROBE 
CALL CILCall(DataArray(), SampleTime%, DynamicHead(), row%, 
ZAxisArray(), ZTrav, Ambient!) 
CALL OUTPUT DATA 
MeanDynHdSum! = MeanDynHdSurn! + DataArray(row%, 7) 
MeanTempSum! = MeanTempSum! + DataArray(row%, 8) 
FOR i ~ 1 TO 800000 
NEXT 
FOR r ~ 22 TO 29 
LOCATE r, 5 
PRINT " 
NEXT 
CALL WRITETOFILE 
CALL ZRESET 
CALL YRESET 
END IF 
" 
REM SUBROUTINE "CILCall" 
,------------------- -----------------------
SUB CILCall (DataArray(), SampleTime%, DynamicHead(l, row%, ZAxisArray(), 
ZTrav, Ambient!) 
DIM DynamicHeadSum(l TO 6) 
DIM DynamicHeadAvg(l TO 6) 
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TIME$ 
count 
FOR i 
1100:00:00" 
o 
1 TO 6 
DynamicHeadSum(i) 0 
DynamicHeadAvg(i) 0 
NEXT 
VIEW PRINT 
DO 
REM************************Temperature Measurements********************** 
adb% ~ &H600 
ad% = adb% + 5 
emdS = "K,FIOO,TO" 
st% ~ 0 
12 offset% ~ VARPTR(ThermoCouple%(l)) 
segment% ~ VARSEG(ThermoCouple%(l)) 
CALLS Alpha(ad%, emdS, offset%, segment%, st%) 
IF st% <> 0 THEN 
PRINT "****** CARD ERROR NO."; st%; "******11 
INPUT "Re-Take Pressure transducer tare values (Y/N)?"; 
responseS 
IF responseS ~ "N" THEN END ELSE GO TO 12 
END IF 
Temperature ~ ThermoCouple%(l) 
TemperatureCelcius = Temperature / 10 
TemperatureKelvin = TemperatureCelcius + 273 
thetaK ~ (-3.6 * TemperatureKelvin) + 1072.8 
REM************** Deletes Pointer on Temperature Panel ******************* 
WINDOW (-100, -80)-(100, 80) 
VIEW (450, 165)-(610, 300) 
LINE (0, 10)-(xpointK, ypointK), 8 
REM*************** Calculates End Positions of Pointer ******************* 
xpointK 
ypointK 
38 * COS(thetaK * 3.14 I 180) 
(38 * SIN(thetaK * 3.14 I 180)) + 10 
REM********* Draws Pointer & Prints Value on Temperature Panel ********** 
WINDOW (-100, -80)-(100, 80) 
VIEW (450, 165)-(610, 300) 
LINE (0, 10)-(xpointK, ypointK), 15 
LOCATE 18, 59 
PRINT USING "111.1"; TemperatureKelvin 
LOCATE 18, 67 
PRINT USING n##.##ni TemperatureCelciu5 
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REM**************** Pressure Transducer Measurements ******************** 
FOR i ~ 1 TO 6 
PrTrans1%(i) ~ 0 
PrTrans2(i) ~ 0 
NEXT 
adb% ~ &H600: 
ad% ~ adb% + 1: 
cmd$ = "A,FIOO,G2,Il,I2,I3,I4,IS,Gl,I6" 
st% ~ 0 
20 offset% ~ VARPTR(PrTrans1%(1)) 
segment% ~ VARSEG(PrTrans1%(6)) 
CALLS Alpha(ad%, emd$, offset%, segment%, st%) 
IF st% <> 0 THEN 
responseS 
END IF 
PRINT n****** CARD ERROR NO."; st%; "******" 
INPUT "Re-Take Pressure transducer tare values (Y/N)?"; 
IF responseS = "N" THEN END ELSE GOTO 20 
FOR i ~ 1 TO 6 
PrTrans2(i) ~ (PrTransl%(i) - PrTransTare2(i)) I 32767 
NEXT 
FOR i ~ 1 TO 5 
PrTrans2(i) = PrTrans2(i) * 1 
NEXT 
PrTrans2(6) PrTrans2(6) * 2.5 
REM FOR x 1 TO 50000: NEXT: 
REM************* Convert ion of voltage values to Dynamic head *********** 
FOR i ~ 1 TO 5 
DynamieHead(i) 
NEXT 
DynamicHead(6) 
PrTrans2 (i) * 100 
(PrTrans2(6) * 7.5 I 2.5) * 25.4 
IF DynamieHead(6) < 0 THEN 
DynamieHead(6) ~ 0 
END IF 
DENSITY ~ Ambient! * 100 I (287 * TemperatureKelvin) 
TunnelVeloeity ~ SQR(2 * 9.80665 * DynamieHead(6) I DENSITY) 
TunnelVeloeityMPH ~ TunnelVeloeity * 3600 * .6 / 1000 
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FOR i ~ 1 TO 5 
theta(i) ~ -1.35 * DynamicHead(i) + 45 
NEXT 
theta(6) -(27 / 4) * TunnelVelocity + 180 
REM******************* Deletes Pointers on 5HP Panel **********~*********** 
WINDOW (-330, -80)-(330, 80) 
VIEW (20, 10)-(610, 150) 
i ~ ° 
FOR x -220 TO 220 STEP 110 
i i + 1 
Xcdnt = x + xpoint{i) 
ycdnt 7 + ypoint(i) 
LINE (x, 7)-(Xcdnt, ycdnt), 8 
NEXT 
REM**************** Deletes Pointers on Dyn-Hd Panel ********************* 
WINDOW (-100, -80)-(100, 80) 
VIEW (20, 165)-(180, 300) 
LINE (0, 10)-(xpoint(6), ypoint(6)), 8 
REM***************** Calculates End Positions of Pointers **************** 
FOR i ~ 1 TO 5 
xpoint(i) 
ypoint(i) 
NEXT 
35 * COS(theta(i) * 3.14 / 180) 
35 * SIN(theta(i) * 3.14 / 180) 
xpoint(6) 
ypoint(6) 
38 * COS(theta(6) * 3.14 / 180) 
(38 * SIN(theta(6) * 3.14 / 180)) + 10 
REM************** Draws Pointers & Prints Values on SHP Panel *********** 
WINDOW (-330, -80)-(330, 80) 
VIEW (20, 10)-(610, 150) 
i ~ ° 
FOR x -220 TO 220 STEP 110 
i = i + 1 
Xcdnt 
ycdnt 
x + xpoint (i) 
7 + ypoint(i) 
LINE (x, 7)-(Xcdnt, ycdnt), 15 
LOCATE 9, 12 
PRINT USING "111.11"; DynamicHead(l) 
LOCATE 9, 25 
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PRINT US ING "# ## . ##"; DynamicHead (2) 
LOCATE 9, 37 
PRINT USING "###.##"; DynamicHead(3) 
LOCATE 9, 50 
PRINT US ING "## # . ##"; DynamicHead (4) 
LOCATE 9, 62 
PRINT USING "###.##"; DynamicHead(5) 
NEXT 
REM*********** Draws Pointers & Prints Values on Dyn-Hd Panel *~********* 
WINDOW (-100, -80)-(100, 80) 
VIEW (20, 165)-(180, 300) 
LINE (0, 10)-(xpoint(6), YPoint(6)), 15 
LOCATE 18, 5 
PRINT USING "##.##11; TunnelVelocity 
LOCATE 18, 14 
PRINT USING "i#.##"i TunnelVelocityMPH 
REM*********** Sums the DynamicHead() Values for Time Averaging 
TemperatureSum = TemperatureSum + TemperatureKelvin 
FOR i ~ 1 TO 6 
DynamicHeadSum{i) 
NEXT 
count count + 1 
DynamicHeadSum(i) + DynamicHead(i) 
LOOP WHILE VAL(RIGHT$(TIME$, 2)) < SampleTime% 
********* 
REM***** Calculates the Average Values of the Transducer Measurements ***** 
END SUB 
TemperatureAvg TemperatureSum / count 
FOR i ~ 1 TO 6 
DynamicHeadAvg(i) 
NEXT 
DataArray(row%, 1 ) 
FOR C ~ 2 TO 7 
DataArray (row%, C) 
NEXT 
DataArray (row%, 8) 
DynamicHeadSum(i) I count 
ZAxisArray(ZTrav) 
DynamicHeadAvg(C - 1 ) 
TemperatureAvg 
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REM, _____________ SUBROUTINE "DISPLAY" _____________ _ 
SUB DISPLAY 
SCREEN 12 
COLOR 9 
REM*********************** DYNAMIC HEAD PANEL ***************************** 
WINDOW (-100, -80)-(100, 80) 
VIEW (20, 165)-(180, 300), 8, 12 
LOCATE 11, 9 
PRINT "DYNMC-HD" 
FOR r = 40 TO 46 STEP .1 
CIRCLE (0, 10), r, 9, 3.1415 * 90 / 180, 3.1415 * 180 / 180 
CIRCLE (0, 10), r, 10, 3.1415 * ° / 180, 3.1415 * 90 / 180 
CIRCLE (0, 10), r, 12, 3.1415 * 270 / 180, 3.1415 * ° / 180 
NEXT 
LOCATE 18, 10 
PRINT "m/sI! 
LOCATE 18, 19 
PRINT "mph" 
REM*********************** TEMPERATURE PANEL **************************** 
WINDOW (-100, -80)-(100, 80) 
VIEW (450, 165)-(610, 300), 8, 12 
LOCATE 11, 62 
PRINT "TEMPERATURE" 
FOR r = 40 TO 46 STEP .1 
CIRCLE ( 0, 10) , r, 9, 3.1415 * 90 / 180, 3.1415 * 180 / 180 
CIRCLE ( 0, 10) , r, 1O, 3.1415 * 
° 
/ 18O, 3.1415 * 90 / 180 
CIRCLE ( 0, 10) , r, 12, 3.1415 * 270 / 18O, 3.1415 * 
° 
/ 180 
NEXT 
LOCATE 18, 64 
PRINT ilK" 
LOCATE 18, 72 
PRINT "Cel" 
REM*********************** PROBE POSITION PANEL **************~********* 
WINDOW (-330, -80)-(330, 80) 
VIEW (190, 165)-(440, 300), 8, 12 
LOCATE 11, 33 
PRINT "PROBE POSITION" 
LOCATE 14, 32 
PRINT "X-POS:"; TAB (46); "mm"; 
LOCATE 15, 32 
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PRINT "Y-POS:"; TAB(46); "mm"; 
LOCATE 16, 32 
PRINT "Z-POS: .. ; TAB(46); "mm"; 
LOCATE 17, 34 
PRINT "YAW:"; TAB (46); "deg"; 
REM****************************** OUTPUT PANEL *************************** 
WINDOW (-330, -80) - (330, 80) 
VIEW (20, 315)-(610, 477), , 12 
LOCATE 20, 37 
PRINT "OUTPUT" 
REM************************** FIVE HOLE PROBE PANEL *********************** 
WINDOW (-330, -80)-(330, 80) 
VIEW (20, 10)-(610, 150), 8, 12 
LOCATE 1, 32 
PRINT "FIVE HOLE PROBE" 
COLOR 2 
LOCATE 2, 13 
PRINT "CHAN1" 
LOCATE 2, 26 
PRINT "CHAN2" 
LOCATE 2, 38 
PRINT "CHAN3" 
LOCATE 2, 50 
PRINT "CHAN4" 
LOCATE 2, 63 
PRINT "CHANS" 
COLOR 
FOR x -220 TO 220 STEP 110 
FOR r ~ 37 TO 43 STEP .1 
CIRCLE (x, 
CIRCLE (x, 
CIRCLE (x, 
CIRCLE (x, 
CIRCLE (x, 
NEXT 
NEXT 
END SUB 
7) , r, 
7) , r, 
7) , r, 
7) , r, 
7) , r, 
12, 3.1415 * 135 / 180, 3.1415 * 180 / 180 
10, 3.1415 * 90 / 180, 3.1415 * 135 / 180 
9, 3.1415 * 0 / 180, 3.1415 * 90 / 180 
10, 3.1415 * 315 / 180, 3.1415 * 0 / 180 
12, 3.1415 * 270 / 180, 3.1415 * 315 / 180 
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REM, ____________ .SUBROUTINE "OUTPUTDATA" ____________ _ 
SUB OUTPUT DATA 
END SUB 
IF row% <~ 8 THEN 
j ~ row% + 21 
LOCATE j, 5 
PRINT USING "###.####"; TAB(5); DataArray(row%, 1); TAB(15); 
DataArray(row%, 2); TAB(25); DataArray(row%, 3); TAB(35); 
DataArray(row%, 4); TAB(45); DataArray(row%, 5); TAB(55); 
DataArray(row%, 6): 
ELSE 
toprow = row% - 7 
FOR j ~ 22 TO 29 
LOCATE j, 5 
PRINT USING "###.####"; TAB(5); DataArray(toprow, 1); TAB(15); 
DataArray(toprow, 2); TAB(25); DataArray(toprow, 3); TAB(35); 
DataArray(toprow, 4); TAB(45); DataArray(toprow, 5); TAB(55); 
DataArray(toprow, 6); 
toprow = toprow + 1 
NEXT 
END IF 
REM, _____________ .SUBROUTINE "PrTransTare" _____________ _ 
SUB PrTransTare 
SOUND 999, 5: SOUND 333, 2: SOUND 888, 4 
TIME$ 
count 
FOR i 
"00:00:00" 
o 
1 TO 6 
PrTransTarel%(i) = 0 
PrTransTare2(i) = 0 
NEXT 
DO 
adb% ~ &H600: 
ad% ~ adb% + 1: 
cmd$ = "A,E"lOO,Gl,Il,I2,I3,I4,I5,I6" 
st% ~ 0 
10 offset% ~ VARPTR(PrTransTarel%(l)) 
segment% ~ VARSEG(PrTransTarel%(6)) 
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END SUB 
CALLS Alpha(ad%, cmdS, offset%, segment%, st%) 
IF st% <> 0 THEN 
PRINT n****** CARD ERROR NO."; st%i "******" 
INPUT "Re-Take Pressure transducer tare values (Y/N)?"; 
responseS 
IF responseS - "N" THEN END ELSE GOTO 10 
END IF 
FOR i - 1 TO 6 
PrTransTare2(i) 
NEXT 
count = count + 1 
PrTransTare2(i) + PrTransTarel%(i) 
LOOP WHILE VAL(RIGHTS(TIMES, 2)) < 20 
FOR i - 1 TO 6 
PrTransTare2(i) 
NEXT 
PrTransTare2(i) / count 
REM, ___________ ,SUBROUTlNE "SETTLINGPROBE" ___________ _ 
SUB SETTLINGPROBE 
TIMES = "00:00:00" 
DO 
seconds 
seconds 
VAL(RIGHTS(TIMES, 2)) 
PROBESETTLE% - seconds 
LOCATE 19, 31 
PRINT "Settling Probe .. " 
LOCATE 19, 48 
PRINT seconds: 
REM DO WHILE VAL(RIGHTS(TIMES, 2)) > seconds + 1 
REM LOOP 
LOOP WHILE VAL(RIGHTS(TIMES, 2)) < PROBESETTLE% 
LOCATE 19, 31 
PRINT "Sampling Data ..... " 
END SUB 
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REM _____________ SUBROUTlNE "TRAVGRID" _____________ _ 
SUB TRAVGRID 
CLS 
SCREEN 12 
WINDOW (-150, -150) - (150, 150) 
COLOR 10 
FOR x ~ 0 TO 5 STEP .2 
LINE (-125 - x, 100 + x)-(125 + x, 100 + x) 
LINE -(125 + x, -100 - x) 
LINE -(-125 - x, -100 - x) 
LINE -(-125 - x, 100 + x) 
NEXT 
output$ ~ "INPUT TRAVERSE DATA POINTS FOR Z-AXIS" 
x10c ~ (80 - LEN(output$)) I 2 
LOCATE 8, x10c 
PRINT output$ 
COLOR 15 
REM outputS = "Please Enter the Total Number of Sectors ... " 
REM xloc ~ (80 - LEN(output$)) I 2 
LOCATE 12, 11 
INPUT "Please Enter the Total Number of Sectors ................... ,; 
NumOfSect% 
x = 1 
FOR i ~ 1 TO NumOfSect% 
LOCATE 15, 11 
PRINT "Please Enter the Starting Point for Sector"; 
PRINT i; 
PRINT I' •••••••••• "; 
INPUT I' ..• "; SectStart 
LOCATE 16, 11 
PRINT "Please Enter the End Point for Sector"; 
PRINT i; 
PRINT " ............... "; 
INPUT " ... "; SectEnd 
LOCATE 17, 11 
PRINT "Please Enter Increment Value for Sector"; 
PRINT i; 
PRINT " ............. "; 
INPUT !I. o ."; increment 
FOR j ~ SectStart TO SectEnd STEP increment 
ZAxisArray(x) ~ j 
x = x + 1 
NEXT 
x = x-I 
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FOR rownum ~ 15 TO 17 
LOCATE rownum, 11 
PRINT " 
NEXT 
NEXT 
CLS 
COLOR 12 
FOR x ~ 0 TO 5 STEP .2 
LINE (-125 - x, 100 + xl-(125 + x, 100 + xl 
LINE -(125 + x, -100 - xl 
LINE -(-125 - x, -100 - xl 
LINE -(-125 - x, 100 + xl 
NEXT 
outputS ~ "INPUT TRAVERSE DATA POINTS FOR Y-AXIS" 
x10c ~ (80 - LEN(output$11 I 2 
LOCATE 8, xloc 
PRINT outputS 
COLOR 15 
REM outputS = "Please Enter the Total Number of Sectors ... '1 
REM x10c ~ (80 - LEN(output$11 I 2 
LOCATE 11, 11 
INPUT "Please Enter the Total Number of Sectors .................. "; 
NumOfSect% 
x ~ 1 
FOR i ~ 1 TO NumOfSect% 
LOCATE 15, 11 
PRINT "Please Enter the Starting Point for Sector"; 
PRINT ii 
PRINT " .......... " ; 
INPUT " ... "; SectStart 
LOCATE 16, 11 
PRINT "Please Enter the End Point for Sector"; 
PRINT i; 
PRINT " ............... "; 
INPUT " ... "; Sect End 
LOCATE 1 7, 11 
PRINT "Please Enter Increment Value for Sector"; 
PRINT i; 
PRINT " ............. "; 
INPUT " ... "; increment 
FOR j ~ SectS tart TO SectEnd STEP increment 
YAxisArray(xl ~ j 
x = x + 1 
NEXT 
" 
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x = x-I 
FOR rownum ~ 15 TO 17 
LOCATE rownum, 11 
PRINT " 
NEXT 
NEXT 
CLS 
COLOR 12 
FOR x ~ 0 TO 5 STEP .2 
LINE (-125 - x, 75 + x)-(125 + x, 75 + x) 
LINE -(125 + x, -75 - x) 
LINE -(-125 - x, -75 - x) 
LINE -(-125 - x, 75 + x) 
NEXT 
outputS ~ "PLEASE WAIT ... CALCULATING TRAVERSE GRID POINTS .. " 
xloc ~ (80 - LEN(outputS)) / 2 
LOCATE 13, xloc 
PRINT outputS 
FOR pwait ~ 1 TO 2000000 
NEXT 
i = 1 
ZTravPoints = 1 
DO WHILE ZAxisArray(i + 1) > ZAxisArray(i) 
ZTravPoints = ZTravPoints + 1 
i = i + 1 
LOOP 
i = 1 
YTravPoints = 1 
DO WHILE YAxisArray(i + 1) > YAxisArray(i) 
YTravPoints = YTravPoints + 1 
i = i + 1 
LOOP 
CLS 
COLOR 10 
FOR x ~ 0 TO 5 STEP .2 
L I NE (-125 - x, 75 + x) - ( 125 + x, 75 + x) 
LINE -(125 + x, -75 - x) 
LINE -(-125 - x, -75 - x) 
LINE -(-125 - x, 75 + x) 
NEXT 
outputS "DONE! ... TRAVERSE GRID IN MEMORY .. " 
" 
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xloc ~ (80 - LEN(outputS)) I 2 
LOCATE 14, xloc 
PRINT outputS 
FOR Pwait ~ 1 TO 200000 
NEXT 
END SUB 
REM, ___________ SUBROUTlNE "WRTIETOFILE" ___________ _ 
SUB WRITETOFILE 
outputS ~ "PLEASE WAIT .. WRITING DATA TO FILE ... " 
xloc ~ (80 - LEN(outputS)) I 2 
LOCATE 24, xloc 
PRINT outputS 
MeanDynHd! = MeanDynHdSum! / ZTravPoints 
MeanTemp! = MeanTempSum! / ZTravPoints 
r ~ 287 
RHO 
MIU 
CHORD 
(Ambient! * 100) I (r * MeanTemp!) 
.00001789# 
200 
GAMMA ~ 1.4 
ReynoldsNum! ~ (SQR((2 * 9.81 * MeanDynHd!) I RHO)) * RHO * CHORD I MIU 
MachNum! = MeanDynHd! / SQR{GAMMA * r * MeanTemp!) 
OPEN FilepathS FOR OUTPUT ACCESS WRITE AS #l 
PRINT #1, Ambient! 
PRINT #l, USING "##.####"i MeanDynHd! 
PRINT #l, USING "###.##"; MeanTemp 
PRINT #l, USING "####.##"i Xcdnt 
PRINT #l, USING "#.##"; MachNum! 
PRINT #l, USING "########" ; ReynoldsNuin! 
PRINT #l, USING n####.##"i YAxisArray(YTrav) 
PRINT #l, USING n#·##"i PDiam 
PRINT #l, TDateS 
FOR r ~ 1 TO row% 
PRINT #1, USING "###.#### ,"; DataArray(r, 1); 
PRINT #1, USING" ###.#### , u i DataArray(r, 2); DataArray(r, 3); 
DataArray(r, 4); DataArray(r, 5); 
PRINT #l, USING" ###.####"; DataArray(r, 6) 
NEXT r 
CLOSE #1 
listfileS = diskdrive$ + "plane" + ".1st" 
OPEN listfile$ FOR APPEND AS #2 
PRINT #2, FilenameS 
CLOSE #2 
LOCATE 24, xloc 
FOR i ~ 0 TO LEN(outputS) 
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PRINT" n; 
NEXT 
outputS ~ "STARTING NEW TRAVERSE ... " 
xloc ~ (80 - LEN(outputS)) I 2 
LOCATE 24, xloc 
PRINT outputS 
END SUB 
REM~ ___________ SUBROUTlNE "YMOVE" ____________ _ 
SUB YMOVE 
YDistance YAxisArray(YTrav + 1) - YAxisArray(YTrav) 
NStepsY = YDistance * 40 
adb% ~ &H600 
ad% ~ adb% + 3 
cmd$ = "5,5100,0" + STR$(NStepsY) + "EO" 
st% = 0 
offset% ~ VARPTR(temp%(l)) 
segment% ~ VARSEG(temp%(l)) 
CALLS Alpha(ad%, emdS, offset%, segment%, st%) 
Delay ~ ABS(NStepsY I MRate%) + .1 
TimeToMoveProbe = TIMER + Delay 
DO 
LOOP WHILE TimeToMoveProbe > TIMER 
END SUB 
REM~ ____________ SUBROUTINE "YRESET" _____________ _ 
SUB YRESET 
YResetDistance = YAxisArray(YTravPoints) - YAxisArray(l) 
NStepsResetY 
adb% ~ &H600 
ad% ~ adb% + 3 
YResetDistance * 40 
cmd$ = "5,5100,D-" + STR$(NStepsResety) + "EO" 
st% ~ 0 
offset% ~ VARPTR(temp%(l)) 
segment% ~ VARSEG(temp%(l)) 
CALLS Alpha(ad%, emdS, offset%, segment%, st%) 
Delay ~ ABS(NStepsResetY I MRate%) + .1 
TimeToMovePrcbe = TIMER + Delay 
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DO 
LOOP WHILE TimeToMoveProbe > TIMER 
END SUB 
REM~ ___________ SUBROUTlNE "ZMOVE" _____________ _ 
SUB ZMOVE 
END SUB 
ZDistance ZAxisArray(ZTrav + 1) - ZAxisArray(ZTrav) 
NStepsZ ~ ZDistance * -100 
adb% ~ &H600 
ad% ~ adb% + 6 
cmd$ = "S,S" + STR$(MDemand%) + ",0" + STR${NStepsZ) + "EO" 
st% ~ 0 
offset% ~ VARPTR(temp%(l)) 
segment% ~ VARSEG(temp%(l)) 
CALLS Alpha(ad%, cmd$, offset%, segment%, st%) 
Delay ~ ABS(NStepsZ / MRate%) + .1 
TimeToMoveProbe = TIMER + Delay 
DO 
LOOP WHILE TimeToMoveProbe > TIMER 
REM~ ___________ SUBROUTlNE "ZRESET" _____________ _ 
SUB ZRESET 
ZResetDistance = ZAxisArray(ZTravPoints) - ZAxisArray(l) 
NStepsResetZ 
adb% ~ &H600 
ad% ~ adb% + 6 
ZResetDistance * 100 
cmdS = "S,S" + STR$(MDemand%) + ",0" + STR$(NStepsResetZ) + "EO" 
st% ~ 0 
offset% ~ VARPTR(temp%(l)) 
segment% ~ VARSEG(temp%(l)) 
CALLS Alpha(ad%, cmd$, offset%, segment%, st%) 
Delay ~ ABS(NStepsResetZ / MRate%) + .1 
TimeToMoveProbe = TIMER + Delay 
DO 
LOOP WHILE TimeToMoveProbe > TIMER 
END SUB 
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